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"The chemists are a strange class of mortals,  
impelled by an almost insane impulse to seek  
their pleasures amid smoke and vapor, soot  
and flame, poisons and poverty; yet among 
all these evils I seem to live so sweetly that 
 may I die if I were to change places with the Persian king." 
 
Johann Joachim Becher 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
"Let us learn to dream, gentlemen,  
then perhaps we shall find the truth.  
But let us beware of publishing our dreams  
till they have been tested by the waking understanding." 
 
 August Kekulé	  
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
  
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
I wish to thank my PhD supervisor Prof. Antonio M. Echavarren for giving me the 
opportunity to join his group and discover the fascinating chemistry of gold, as well 
as for his constructive criticism, encouragement and direction during these four years. 
Also I am grateful for the possibility to spend 3 months working in Boston College 
under the supervision of Prof. Amir H. Hoveyda. I would like to thank all members of 
Hoveyda group for sharing with me their chemistry knowledge and all Happy Hours.  
I cannot forget all the help from a very warm-hearted person Sonia Gavaldá (Moltes	  gràcies, Sonia!) as well as from two brilliant technicians Imma Escofet and Vanessa 
Martinez. 
The achieved results would be difficult to obtain without help from ALL research 
support units of ICIQ, especially I would like to mention the X-ray team: Jordi Benet, 
Eduardo Escudero, Marta Martinez, Eddy Martin (the most enthusiastic team ever, 
keep it like that!) and NMR unit: German Gomez, Israel Macho, Gabriel Gonzalez 
(your advise was always ready). 
ENORME THANKS to ALL past and present members of E-TEAM. Especially I 
would like to thank Ricarda Miller (fantastic Christmas in Switzerland/Germany, 
danke to all Millers for their warmth and care; all trips full of adventure and happiness 
and for all advices in both chemistry and life) and Alice Johnson (the best tap-dancer, 
a professional UK guide-maker, and a great cake-cooker), great labmates and reliable 
friends in everything. Paul McGonigal and Yahui Wang, it was a great pleasure to 
have you here, in Tarragona. José M. Muñoz, Chema, muchas gracias por toda tu 
ayuda y inspiración en nuestros proyectos. Espero, que vas consigir una pes muy 
grande! Juan Sarria and Philipp Holstein, danke danke schoeennn for checking the 
manuscript of my Doctoral Thesis, posters and all your critics! To Michael Muratore, 
Oscar Pablo, Fedor Miloserdov, Beatrice Ranieri, Javi Carreras: Merci, Gracias, 
Спасибо, Grazie for all advises. The best office partner and the most motivated 
swimmer - Elena de Orbe (mi pequeña), muchas gracias y mucha suerte con lo que 
queda del doctorado (seguro, lo haras genial!!!)! Thanks to Pili Calleja (una 
maquina!! merci por cuidarme mucho al principio del doctorado, todos los viajes a 
patina y zapatillas de Menorca!) and Masha Kirillova (гостинцы из России, 
дискуссии о химии и фигурном катании!), with whom we started working at the 
lab the same time: a lot of luck for your recta final, girls! Lab 2.3: Zhouting Rong 
(thanks for the great tea and to Xiang Yin as well), Elena de Orbe, Sofia Ferrer, Ruth 
Dorel, Pili Calleja, Cristina García – the best team, thank you and don’t forget 
Adrenalina! 
My passion for chemistry I share with my love for sport. A lot of thanks to my sport-
friends: Madeleine, Philipp, Bart, Rosie, Marino, Evgenii, Masaki and many others. 
Volley-poker-people: Sam (special merci for the help with electrochemistry!!), Elo (je 
vous remercie beaucoup pour tous nos cafés et échanges!!), Aurel, Helene, Bala, 
Werth and the others. 
Caye, la mejor compañera del piso, muchas gracias por todos los momentos y mucha 
suerte, tu puedes con todo! Can't forget people from the 'Friday lunch': Sopeña, 
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
Marta, Eloisa, Andrea, Daniel, Franzie, Chris, Ilario, Andrea, Uri, Asraa and others, 
many thanks for your great company! Thesis roommates: Xue, Albano, Mattia, David, 
Nelson, Enrique thank you for your help and criticism! 
I would like to thank my family: дорогие родители, бабушка и сестренка, спасибо 
вам огромное за всю любовь, поддержку и тепло, что всегда были рядом со 
мной даже так далеко от дома! Ook zou ik graag Jeroens ouders, Trijnie en Simon, 
willen bedanken voor hun steun.	  
Dankjewel, Jeroentje! Ik ben de meest gelukkig persoon, omdat ik jou heb! You are 
the greatest thing about me. 
  
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
This work was carried out with the support of the MINECO (projects CTQ2010-
16088/BQU CTQ2013-42106-P and Severo Ochoa Excellence Accreditation 2014-
2018 (SEV-2013-0319)), the European Research Council (Advanced Grant No. 
321066), the AGAUR (2009 SGR 47 and 2014 SGR 818), and the ICIQ Foundation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
 
   
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
  
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
At the moment of writing this manuscript, the results presented herein have been 
published in: 
 
1. A Hexanuclear Gold Cluster Supported by Three-Center–Two-Electron 
Bonds and Aurophilic Interactions 
Smirnova, E. S., Echavarren, A. M. Angew. Chem. Int. Ed. 2013, 52, 9023−9026. 
Higlighted in Angew. Chem. Int. Ed.: 'New Endeavors in Gold Catalysis – Size 
Matters' Gramage-Doria, R.; Reek, J. N. H. Angew. Chem. Int. Ed. 2013, 52, 
13146−13148. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
  
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
Table of Contents 
 
 
Prologue             21 
 
List of Abbreviations and Acronyms        23 
 
General Introduction           25 
 
Gold in Catalysis           27 
 
Beginning of the Gold Rush          27 
Relativistic Effects           27 
Properties of Gold because of the Relativistic Effect      28 
Gold(I) vs Gold(III) catalysis         29 
Gold(I) Alkynophilicity          30 
Gold(I) – more than a Lewis Acid         31 
Catalysis by Digold(I) Complexes         34 
Silver and Anion Effects in Gold(I) Catalysis       37 
 
1. Borylphosphine Gold(I) Complexes: Transmetalation and Beyond  43 
 
Introduction          45 
Gold Clusters          45 
Gold-Boron Interaction        48 
Gold-Boron Transmetalation        52 
Challenges in Enantioselective Gold(I) Catalysis     53 
Objectives          54 
Results and Discussion        55 
Synthesis of Borylphosphine Gold(I) Complexes     55 
Hexanuclear Gold(I) Cluster        58 
More Examples of Hexanuclear Gold(I) Clusters     66 
Au→B Interaction and the Reactivity of Complex 8     71 
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
Borylphosphine Gold(I) Complexes: Enantioselective Approach   72 
Conclusion          76 
Experimental Part         77 
X-Ray tables          103 
 
2. The Intriguing Reactivity of a Linear Tetranuclear Gold(I) Complex  
with PNP ligands           127 
 
Introduction          129 
Gold(I) Catalysts with Bifunctional PN ligands     129 
Gold Enolate Complexes        131 
Gold and Nitrile Hydrolysis        135 
Objectives          137 
Results and Discussion        138 
Diversity in DPPPY-Gold(I) Complexes      138 
Reactivity of Complex 3 in Catalysis       143 
DPPPY-Gold(I) Complexes: Enolate Formation     145 
DPPPY-Gold(I) Complexes: Nitrile Hydrolysis     149 
High-carat Gold Complex        157 
Conclusion          163 
Experimental Part         164 
X-Ray tables          183 
 
3. Oxidative Carbonylation of Primary Amines by Au(I)-M(I) Complexes  
(M = Au(I), Ag(I), Cu(I))          219 
 
Introduction          221 
Transition Metal-Catalyzed Oxidative Carbonylation of Amines   221 
Gold and Oxidative Carbonylation of Amines     223 
Objectives          227 
Results and Discussion        228 
Optimization of the carbonylation of primary amines    229 
Reaction Scope         232 
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
Insight into the Reaction Mechanism       233 
Conclusion          239 
Experimental Part         240 
 
  
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
 UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
Prologue 
21 
Prologue 
 
The manuscript of this Doctoral Thesis has been divided into four main parts: a 
general introduction into gold(I)-catalysis followed by three research chapters. Each 
chapter consists of five sections: a brief and detailed introduction on the research 
topic, the objectives and a discussion of the obtained results, followed by the 
conclusions and the experimental part. 
The general introduction provides the basic principles of homogeneous gold(I) 
catalysis highlighting several topics: the properties of gold, activation of alkynes, 
differences between gold(I) and gold(III) catalysis, gold dual catalysis, and the effects 
of silver and anions. 
The first chapter with the title 'Borylphosphine Gold(I) Complexes: Transmetalation 
and Beyond' describes the formation of the first catalytically active Au6(I) cluster, its 
analogues and the influence of dative Au→B interaction on the reactivity of gold(I) 
phosphine complexes. Part of these results has been published in Angew. Chem. Int. 
Ed. 2013, 52, 9023−9026.  
The second project was started by Alice Johnson. Following her initial results, in 
collaboration with Dr. Jose Mª Muñoz we investigated the intriguing reactivity of the 
tetranuclear gold(I) complex as well as a variety of complexes that could be derived 
from it. A spectacular 'gold ring', a ring-shaped flat Au8 complex is a representative 
example. The manuscript of this work is in a preparation.  
The last chapter describes the oxidative carbonylation of primary amines by using the 
complexes from Chapter II as catalysts. This project was performed in collaboration 
with Dr. Jose Mª Muñoz and we are currently working on finishing its manuscript. 
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List of Abbreviations and Acronyms 
 
In this manuscript, the abbreviations and acronyms most commonly used in organic 
and organometallic chemistry have been used following the recommendations from 
“Guidelines for authors” of Journal of Organic Chemistry. 
Additional abbreviations and acronyms used in this manuscript are referenced in the 
list below: 
 
BAr4F–   Tetrakis[3,5-bis(trifluoromethyl)phenylborate] 
IMes   1,3-Bis(2,6-diisopropylphenyl)imidazole-2-ylidene 
IPr   1,3-Bis(2,4,6-trimethylphenyl)imidazole-2-ylidene 
JohnPhos  (2-Biphenyl)di-tert-butylphosphine 
NTf2–   Bis(trifluoromethyl)imidate 
tht   Tetrahydrothiphene 
tmbn   Trimethoxybenzonitrile 
Rvdw   Van der Waals radius 
Cy   Cyclohexyl 
Mes   Mesityl 
BFlu   Borafluorene 
OTf–   Triflate 
equiv.   Equivalents 
NPs      Nanoparticles 
ee       Enantiomeric excess 
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Gold in Catalysis 
 
Beginning of the Gold Rush 
 
Gold is the chemical element with the symbol Au (from Latin: aurum) and 
atomic number 79. The word 'gold' is cognate with similar words in many 
Germanic languages 'to shine', 'to gleam' and 'to be yellow or green'.1 Gold has 
been a valuable and highly sought-after precious metal for coinage, jewellery, 
and other arts since long before the beginning of recorded history. 
However, the gold rush in organic chemistry started much later: in 1998, the 
group of Teles reported the first important application of gold(I) complexes in 
homogeneous catalysis: addition of alcohols to alkynes under mild conditions 
leading to acetals (Scheme 1).2 
 
 
 
 
Scheme 1. First important application of gold(I) complexes in homogeneous catalysis. 
 
After this discovery, the application of gold as a catalyst increased with an 
almost exponential growth providing access to new synthetic transformations 
for building molecules with high complexity.3 
 
Relativistic effects 
 
The most prominent characteristics of the electronic structure of gold are the 
consequence of strong relativistic effects. In case of heavy nuclei, the close 
orbit electrons gain mass which leads to the contraction of s and p orbitals. By 
implication, this means that the electrons occupying the d and f orbitals have a 
weaker nuclear attraction. This contraction/expansion phenomenon is 
significant for metals that have their 4f and 5d orbitals filled, such as Pt, Au 
and Hg. In particular for gold, the relativistic effect is at its peak and hence the 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1.  de Vaan, M. Etymological Dictionary of Latin and the other Italic languages. 2008, 63, ISBN 
978 90 04 16797 1. 
2.  Teles, H.; Brode, S.; Chabanas, M. Angew. Chem. Int. Ed. 1998, 37, 1415–1418. 
3. Dorel, R.; Echavarren, A. M. Chem. Rev. 2015, 115, 9028–9072. 
MeO OMe
[(PPh3)AuMe], 1 mol%
1 equiv. MeSO3H, MeOH, 55 ºC
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contraction of the 6s orbital reaches a maximum. This leads to a substantial 
expansion of the 5d orbitals, minimizing the electron-electron repulsion.4 
 
Properties of gold caused by the relativistic effect 
 
Several consequences evolve due to this effect. First – the color of gold. Gold 
has an absorption beginning at 2.4 eV, attributed to a transition from the filled 
5d band to the Fermi level (essentially the 6s band). It therefore reflects red 
and yellow light and strongly absorbs blue and violet. The analogous 
absorption for silver, however, lies in the ultraviolet at around 3.7 eV and 
therefore its color resembles grey. 
Next, a certain reduction in the length of covalent bonds involving gold atoms 
is often found, resulting in a smaller covalent radius for gold than silver (1.25 
vs 1.33 Å, respectively). N-heterocyclic carbenes, phosphines and phosphites 
are commonly used ligands for tuning the reactivity of gold in catalysis (Figure 
1). 
 
 
 
Figure 1. Common ligands used in gold(I) complexes. 
 
The closed 5d10 shell is no longer chemically inert and can interact with other 
elements, in particular with other gold atoms in molecules or clusters. Bonding 
between two gold(I) centers with equal charges and closed shell 5d10 
configurations can be rationalized, although this is a very difficult concept to 
explain in terms of classical bonding. The metal atoms approach each other to 
an equilibrium distance between 2.7 and 3.3 Å. This range includes the 
distance found between gold atoms in gold metal and approaches, or even 
overlaps with, the range of distances established for the few authentic Au–Au 
single bonds. Schmidbaur has called this effect aurophillic attraction or 
aurophilicity.5  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4. Gorin, D. J.; Toste, F. D. Nature 2007, 446, 395–403.	  
5.	   Scherbaum, F.; Grohmann, A.; Huber, B.; Krussger, C.; Schmidbaur, H. Angew. Chem. Int. Ed. 
1988, 27, 1544–1546.	  
NN PPh3
P
tBu tBu
P
O
tBu
tBu
3
! - donor character
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The small difference in energy between the s, p and d orbitals leads to the 
efficient formation of linear two-coordinate gold(I) complexes, in contrast with 
the prevalence of tricoordinate and tetracoordinate Cu(I) and Ag(I) complexes. 
This is particularly important in the case of enantioselective gold catalysis, 
which still remains a challenging transformation in gold chemistry, as the 
reaction occurs far from the ligand bearing the chiral information.  
Theoretical studies indicate that the Au 5d electrons are bound stronger than 
the Cu 3d electrons due to decreased electron/electron repulsion in the diffuse 
5d orbitals, resulting in less nucleophilic metal species that do not tend to 
undergo spontaneous oxidative addition or β-hydride elimination.6  
 
Gold(I) vs Gold(III) catalysis 
 
Whereas homogeneous Au(I) catalysis has seen great progress over the last 
decade, Au(III) catalysis is still mainly limited to the use of inorganic Au(III) 
salts.7 Switching from gold(I) to gold(III) can have a profound effect, even 
leading to divergent reaction pathways.8 However, in many cases gold(III) 
salts act as precatalysts that are reduced in situ to gold(I) or gold(0) species in 
the presence of electron-rich reagents.9 In cases where the ligands are capable 
of stabilizing the highly oxidizing metal, the resulting complex is often 
rendered catalytically inert. Last year the group of Toste described a stable and 
catalytically active Au(III) complex that can be obtained by the mild oxidative 
addition of biphenylene to a cationic IPrAu(I) complex. As mentioned above, 
oxidative additions with Au(I) have been viewed as kinetically challenging, 
although in their case the carbon–carbon bond cleavage proceeded under 
surprisingly mild reaction conditions. The resulting IPrAu(III)(biphenyl) 
complex (Figure 2) showed good reactivity as a hard Lewis-acid catalyst, 
which is complementary to the soft Lewis acidity exhibited by Au(I)-	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
6.  (a) Nakanishi, W.; Yamanaka, M.; Nakamura, E. J. Am. Chem. Soc. 2005, 127, 1446–1453. (b) 
Lauterbach, T.; Livendahl, M.; Rosellón, A.; Espinet, P.; Echavarren, A. M. Org. Lett. 2010, 12, 
3006–3009. (c) Livendahl, M.; Goehry, C.; Maseras, F.; Echavarren, A. M. Chem. Commun. 
2014, 50, 1533–1536. For oxidative addition of Au(I) complexes, the use of a special system or 
ligand is required: (d) Guenther, J.; Mallet- Ladeira, S.; Estevez, L.; Miqueu, K.; Amgoune, A.; 
Bourissou, D. J. Am. Chem. Soc. 2014, 136, 1778–1781. (e) Joost, M.; Zeineddine, A.; Estévez, 
L.; Mallet−Ladeira, S.; Miqueu, K.; Amgoune, A.; Bourissou, D. J. Am. Chem. Soc. 2014, 134, 
14654–14657. 
7.  Schmidbaur, H.; Schier, A. Arabian J. Sci. Eng. 2012, 37, 1187–1225. 
8.  For example: 7-exo-dig cyclisation by Au(I) vs 8-endo-dig pathway by AuCl3 in the cyclisation 
of alkynyl-substituted indoles: Ferrer, C.; Echavarren, A. M. Angew. Chem. Int. Ed. 2006, 45, 
1105–1110; treatment of the alkynyl benzothioamide with gold(I) or gold(III), leading to acyclic 
(aryl)(heteroaryl)carbene gold complex or mesoionic carbene complex  respectively: Ung, G.; 
Soleilhavoup, M.; Bertrand, G. Angew. Chem. Int. Ed. 2013, 52, 758–761.	  
9.  (a) de Frémont, P.; Singh, R.; Stevens, E. D.; Petersen, J. L.; Nolan, S. P. Organometallics 
2007, 26, 1376–1385. (b) Hashmi, A. S. K.; Blanco, M. C.; Fischer, D.; Bats, J. W. Eur. J. Org. 
Chem. 2006, 1387–1389. 
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catalysts.10 
 
 
 
 Figure 2. Stable and catalytically active Au(III) complex, obtained by mild oxidative addition 
of biphenylene to a cationic IPrAu(I) complex. 
 
Gold(I) Alkynophilicity 
 
Cationic Au(I) complexes were found to be superior Lewis acids in 
comparison to other Group 11 metals in numerous transformations. This is 
another consequence of the relativistic contraction of the valence s or p orbitals 
of gold, which leads to a low-lying lowest unoccupied molecular orbital 
(LUMO). In addition, gold(I) is a large, diffuse cation that shares positive 
charge with the bonded ligand and it is logical to expect orbital rather than 
charge interactions to dominate in binding a second ligand to the gold. 
Consequently [LAu(I)]+ can be considered a 'soft' Lewis acid, preferentially 
activating 'soft' electrophiles, such as π-systems.  
It is worth to mention that gold(I) has no preference in the coordination of 
alkynes over alkenes. Theoretical studies revealed a 10 kcal/mol greater 
stabilization for the ethylene complex over the ethyne complex.11 Actually, it 
is the nucleophile present in the reaction media that shows a preference for 
Au(I)-alkynyl species. This discrimination can be explained by the fact that 
alkynes have a lower lying highest occupied molecular orbital (HOMO) and 
LUMO which makes them more electrophilic in comparison to alkenes.12 
These facts account for the observed 'alkynophilicity' in Au(I)–catalyzed 
transformations. 
  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
10.  Wu, C–Y.; Horibe, T.; Borch Jacobsen, C.; Toste, D. F. Nature 2015, 517, 449–454. 
11.  Nechaev, M. S.; Rayon, V. M.; Frenking, G. J. Phys. Chem. A 2004, 108, 3134–3142. 
12.  Fleming, I. Frontier Orbitals and Organic Chemical Reactions 1976 (Wiley, Chichester). 
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Gold(I) - more than a Lewis Acid  
 
Whereas Au(I) demonstrates high affinity for activating unsaturated 
compounds towards nucleophilic addition, one can question: is only its Lewis 
acidic behavior determining the power of gold(I) complexes in catalysis? In 
this case, innumerable other Lewis and Brönsted acids might similarly activate 
alkynes. 
Gold(I) interaction with alkynes can be described by Dewar-Chatt–
Duncanson-type bonding.13 The bonding is found to be a combination of two 
interactions: σ-interaction (the donation from a π-bond of the alkyne into an 
empty orbital on the metal) and a backbonding π-interaction (interaction 
between the metal and π* orbitals of the alkyne, Figure 3).  
However, in case of gold the antibonding orbitals were found to be too high in 
energy for meaningful backbonding to occur, whereas lower-energy non-
bonding π orbitals may be more suitable for overlap with the filled Au 5d 
orbitals.11 
Recently, the group of Bourrisou demonstrated the possibility of enhancing the 
impact of this unfavored backbonding by applying a special diphosphine 
ligand.14 
 
 
 
Figure 3. Dewar-Chatt-Duncanson model. 
 
Their choice was o-carborane diphosphine (DPCb), that due to its specific 
electronic properties and geometry, provided access to the first classical 
gold(I) carbonyl complex [(DPCb)AuCO]+ (ν(CO) = 2143 cm–1) and the 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
13.  (a) Dewar, M. J. S. Bull. Soc. Chim. Fr. 1951, 18, C71–C79. (b) Chatt, J.; Duncanson, L. A. J. 
Chem. Soc. 1953, 2939–2947. 
14.   Joost, M.; Estévez, L.; Mallet-Ladeira, S.; Miqueu, K.; Amgoune, A.; Bourissou, D. Angew. 
Chem. Int. Ed. 2014, 53, 14512 –14516. 
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diphenylcarbenecomplex 15  [(DPCb)Au(CPh2)]+, which is stabilized by the 
gold fragment rather than the carbene substituents. These two complexes were 
characterized by both spectroscopic and crystallographic means. The 
[(DPCb)Au]+ fragment plays a major role in their stability, which was 
supported by DFT calculations. The bending induced by the diphosphine 
ligand substantially enhances π-backdonation and thereby allows the isolation 
of carbonyl and carbene complexes featuring significant π-bond character 
(Scheme 2). 
 
 
 
Scheme 2. First classical gold(I) carbonyl complex (left) and the diphenylcarbene complex 
with a DPCb o-carborane diphosphine ligand (right). 
 
Gold carbenes have frequently been proposed as key intermediates in many 
gold-catalyzed transformations (Scheme 3).16 
 
 
 
Scheme 3. Carbene and carbocation resonance forms of gold carbenes. 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
15.  The preparation and characterization of cationic gold carbenoid species has recently attracted 
considerable attention and analysis of their bonding has also stimulated much fundamental 
interest. Most of the complexes reported to date are stabilized by π conjugation of the electron 
deficient carbenoid center with heteroatoms: (a) Wang, Y.; Muratore, M. E.; Echavarren, A. M. 
Chem. Eur. J. 2015, 21, 7332–7339. (b) Liu, L.-P.; Xu, B.; Mashuta, M. S.; Hammond, G. B. J. 
Am. Chem. Soc. 2008, 130, 17642–17643. (c) Fañanás-Mastral, M. N.; Aznar, F. 
Organometallics 2009, 28, 666–668. (d) Brooner, R. E. M.; Brown, T. J.; Widenhoefer, R. A. 
Angew. Chem. Int. Ed. 2013, 52, 6259–6261. (e) Hansmann, M. M.; Rominger, F.; Hashmi, A. 
S. K. Chem. Sci. 2013, 4, 1552–1559. (f) R. A. Widenhoefer, R. E. M. Brooner Chem. Commun. 
2014, 50, 2420–2423. (g) Seidel, G.; Gabor, B.; Goddard, R.; Heggen, B.; Thiel, W.; Fürstner, 
A. Angew. Chem. Int. Ed. 2014, 53, 879–882. (k) Seidel, G.; Fürstner, A. Angew. Chem. Int. Ed. 
2014, 53, 4807–4811.	  
16.	  	   (a) Hashmi, A. S. K. Angew. Chem. Int. Ed. 2010, 49, 5232–5241. (b) Liu, L.-P.; Hammond, G. 
B. Chem. Soc. Rev. 2012, 41, 3129–3139. (c) 'Gold Carbenes': Zhang, L. in Contemporary 
Carbene Chemistry (Eds. R. A. Moss, M. P. Doyle), Wiley, Hoboken, 2013, 526–551. (d) 
Fedorov, A.; Moret, M.-E.; Chen, P. J. Am. Chem. Soc. 2008, 130, 8880–8881. (e) Fedorov, A.; 
Chen, P. Organometallics 2009, 28, 1278–1281. c) Fedorov, A.; Batiste, L.; Bach, A.; Birney, 
D. M.; Chen, P. J. Am. Chem. Soc. 2011, 133, 12162–12171. d) Ringger, D. H.; Chen, P. 
Angew. Chem. Int. Ed. 2013, 52, 4686–4689. 
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The Au(I)-catalyzed cycloisomerization of enynes displayed one of the first 
experimental pieces of evidence of these types of gold intermediates and was 
nearly simultaneously reported by the groups of Echavarren, Toste, and 
Fürstner.17 These transformations have been widely explored because of the 
diversity of products that are formed. 
A fundamental description of the bonding mode of gold carbenes was 
proposed by Toste and Goddard in 2009. Accordingly, the ligand L and the 
carbene can both donate their paired electrons to gold, forming a three-center 
four-electron σ-hyperbond. The gold center can also form two π-bonds by 
backdonation of its electrons from two filled 5d orbitals to empty π-acceptors 
on the ligand and carbene (Scheme 4).18 
 
 
 
Scheme 4. Schematic representation of the bonding of gold carbenes. 
 
As ligand and carbene are competing for the electron density from gold, 
changing the electronic properties of the ligand will have a significant 
influence on the bonding and reactivity of a given gold carbene. An increase in 
gold-to-carbon π-bonding and a decrease in σ-bonding leads to structures with 
more carbene-like character. Thus, strongly σ-donating and weakly π-acidic 
ligands, such as N-heterocyclic carbenes are expected to increase the carbene-
like reactivity (Scheme 5). 
 
 
Scheme 5. Ligand influence on the properties of gold carbenes. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
17.  (a) Nieto-Oberhuber, C.; Paz Muñoz, M.; López, S., Jiménez-Núñez, E.; Nevado, C.; Herrero-
Gómez, E.; Raducan, M.; Echavarren A. M. Chem. Eur. J. 2006, 12, 1677–1693. (b) 
Mamane,V.; Gress,T.; Krause, H.; Fürstner, A. J. Am. Chem. Soc. 2004, 126, 8654–8655.  
(c) Luzung, M. R.; Markham, J. P.; Toste, F. D. J. Am. Chem. Soc. 2004, 126, 10858–10859. 
18.  Benitez, D.; N. D. Shapiro, N. D.; Tkatchouk, E.; Wang, Y.; Goddard, W. A.; Toste, F. D. Nat. 
Chem. 2009, 1, 482–486.	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Several illustrative examples can be named to highlight this ligand controlled 
gold(I)–catalyzed reaction: cyclopropanation of cis-stilbene,19 addition of 
indole to a 1,6-enyne,19 and the stereospecific trapping of cyclopropyl gold(I) 
carbenes by alkenes.20 
 
Catalysis by Digold(I) Complexes 
 
The dual activation of alkynes via σ,π-activation was first found by the group 
of Toste while studying the mechanism of cycloisomerization of 1,5-allenynes 
catalyzed by [(Ph3PAu)3O]BF4 (Scheme 6). 21  The experimental and 
computational data supported the mechanism in which on the first step the 
coordination of a cationic fragment [(Ph3P)Au]+ to the gold acetylide of the 
substrate promoted a 5-endo-dig cyclization via a gem-diaurated species which 
reacts with a new substrate molecule to release the final product. 
 
 
 
Scheme 6. Proposed role of gem-diaurated species in the cycloisomerization of 1,5-allenynes. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
19.  (a) Amijs, C. H. M.; Ferrer, C.; Echavarren, A. M. Chem. Commun. 2007, 698–700. (b) Amijs, 
C.H.M.; López-Carrillo, V.; Raducan, M.; Pérez-Galán, P.; Ferrer, C.; Echavarren, A. M. J. 
Org. Chem. 2008, 73, 7721–7730. 
20.  López, S.; Herrero-Gómez, E.; Pérez-Galán, P.; Nieto-Oberhuber, C.;. Echavarren, A. M 
Angew. Chem. Int. Ed. 2006, 45, 6029–6032. 
21.  Cheong, P. H.-Y.; Morganelli, P.; Luzung, M. R.; Houk, K. N.; Toste, F. D. J. Am. Chem. Soc. 
2008, 130, 4517–4526. 
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Alkyne σ,π-digold(I) complexes can be easily formed by the in situ 
deprotonation of terminal alkynes, via an intermediate gold(I) alkynyl complex 
(Scheme 7).22 
 
 
 
Scheme 7. Formation of digold-alkyne complexes. 
 
It is important to note that gold(I) binds more strongly to gold(I)-acetylides 
than to free alkynes and thus digold(I) complexes show very low reactivity in 
the activation of substrates containing alkyne moieties under catalytic 
conditions.23 Although being dead-ends in reactions of alkynes with alkenes, 
σ,π-digold(I) alkyne complexes were found to be excellent catalysts in 
reactions of diynes in which one of the alkynes is terminal. This process 
proceeds through simultaneous formation of a σ-alkynyl gold(I) species and a 
π-alkyne gold(I) fragment that react with each other in a dual-gold(I) catalyzed 
process (Scheme 8).24 This contrast in reactivity can be explained by the Janus-
like character of the σ,π-digold alkyne complex, which combines Lewis acidic 
character with a basic gold acetylide.  
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
22.  (a) Brown, T. J.; Widenhoefer, R. A. Organometallics 2011, 30, 6003–6009. (b) Simonneau, A.; 
Jaroschik, F.; Lesage, D.; Karanik, M.; Guillot, R.; Malacria, M.; Tabet, J.-C.; Goddard, J.-P.; 
Fensterbank, L.; Gandon, V.; Gimbert, Y. Chem. Sci., 2011, 2, 2417–2422. 
23.  (a) Jašíková, L.; Roithová, J. Organometallics, 2013, 32, 7025–7033. (b) Homs, A.; Obradors, 
C.; Leboeuf, D.; Echavarren, A. M. Adv. Synth. Catal. 2014, 356, 221–228. 
24.  (a) Hashmi, A. S. K.; Braun, I.; Rudolph, M.; Rominger, F. Organometallics 2012, 31, 644–661. 
(b) Hashmi, A. S. K.; Lauterbach, T.; Nösel, P.; Vilhelmsen, M. H.; Rudolph, M.; Rominger, F. 
Chem. Eur. J. 2012, 19, 1058–1065. (c) Hashmi, A. S. K.; Wieteck, M.; Braun, I.; Nösel, P.; 
Jongbloed, L.; Rudolph, M.; Rominger, F. Adv. Synth. Catal. 2012, 354, 555–562. (d) 
Hansmann, M. M.; Rudolph, M.; Rominger, F.; Hashmi, A. S. K. Angew. Chem., Int. Ed. 2013, 
52, 2593–2598. (e) Nösel, P.; Lauterbach, T.; Rudolph, M.; Rominger, F.; Hashmi, A. S. K. 
Chem. Eur. J. 2013, 19, 8634–8641. 
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Scheme 8. Annulation via σ,π-digold(I) alkyne complexes to form indeno[2,1-a]indenes. 
 
In 2012, while working on the synthesis of benzofulvenes, the group of 
Hashmi isolated the first example of a gem–diaurated species bearing two 
different gold centers (Scheme 9).25 This mixed diaurated species was formed 
by reacting a gem-digold complex with Gagoz triphenylphosphine gold 
triflimide. However, so far no studies have yet been performed to determine 
how the presence of two different gold centers might affect its reactivity. 
 
 
 
Scheme 9. First mixed gem-diaurated species reported by Hashmi. 
 
Shortly after that, the group of Gray reported an efficient and straightforward 
methodology to obtain aromatic gem-diaurated species in high yields under 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
25.  Hashmi, A. S. K.; Braun, I.; P. Noesel, Schädlich, P. J.; Wieteck, M.; Rudolph, M.; Rominger, 
F. Angew. Chem. Int. Ed. 2012, 124, 4532–4536. 
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mild conditions.26 Reaction between a series of boronic acids and the Gagoz 
triphenylphosphine complex in diethyl ether at 25 ºC produced several 
complexes of the type [{Au(PPh3)}2(µ-aryl)][NTf2] (Scheme 10). 
 
 
 
Scheme 10. Synthesis of [{Au(PPh3)}2(µ-aryl)][NTf2] reported by Gray. 
 
Nevertheless, only slight insight into the reactivity of this exciting type of 
species has been gained so far and further studies aiming to expand the scope 
and to better explain their reactivity are still required. 
 
Silver and Anion Effects in Gold Catalysis 
 
Silver and anion effects have recently experienced an outbreak, playing an 
important role in gold(I) catalyzed reactions. Application of silver salts with 
weakly coordinating anions ([BF4]−, [BArF4]−) as chloride scavengers is the 
standard procedure for in situ generation of the active catalyst. It is worth 
mentioning that some silver salts such as AgOTf can react with the solvent 
(e.g. 1,2-dichloroethane) and produce acid (TfOH) in the reaction media, 
promoting Brönsted acid catalysis.27 
Furthermore, silver(I) salts were found not to be completely innocent in gold 
catalysis. A silver-catalyzed background reaction in the synthesis of 2-H-
chromene28 and varying enantioselectivities in the cycloisomerization of an 
enallene29 (both factors were consequents of the use of silver salts as chloride 
scavengers) are two representative examples of 'silver effects' in gold(I) 
catalysis.  
In addition, 'silver effects' could be attributed to the possible formation of 
dinuclear chloride-bridged species upon chloride abstraction with a silver salt. 
This process is especially feasible in the absence of a coordinating substrate 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
26.  Heckler, J. E.; Zeller, A. D.; Hunter, T.; Gray, G. Angew. Chem. Int. Ed. 2012, 51, 5924–
5928. 
27.  T. T. Dang, T. T.; Boeck, F.; Hintermann, L. J. Org. Chem. 2011, 76, 9353–9361. 
28.  Nevado, C.; Echavarren, A. M. Chem. Eur. J. 2005, 11, 3155–3164. 
29.  Tarselli, N. A.; Chianese, A. R.; Lee, S. J.; Gagné, M. R. Angew. Chem. Int. Ed. 2007, 46, 
6670–6673. 
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and in non-coordinating solvents like CH2Cl2.30 These digold complexes were 
found to be considerably less active than cationic complexes of the type 
[LAu(NCMe)]X when applied in several transformations involving substituted 
alkynes. 
The triangular motive gold(I)-silver(I)-gold(I) complex with JohnPhos ligand 
was recently isolated and characterized by X-ray analysis (Figure 4).31 Even 
after filtration through celite, AgSbF6 was still present in the structure being 
supported by additional coordination to the aryl rings, chlorine and gold atoms. 
 
 
 
Figure 4. Structure of an Au–Ag–Au triangular motif. 
 
The presence of even small amounts of water in the reaction mixture in 
combination with silver salts as catalyst initiators can lead to unwanted 
hydration of alkynes and hydrolysis reactions. Moreover, water can react with 
gold(I) complexes to form bridged [LAu(OH)AuL]+ structures30 or trinuclear 
oxonium cations32 (Figure 5). 
 
 
 
Figure 5. Hydroxo-bridged complex with the JohnPhos ligand. 
 
Anion effects are important in chemistry. Unfortunately, true non-coordination 
is not possible, because any confined system must be charge-neutral. Yet it is 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
30.  Homs, A.; Escofet, I.; Echavarren, A. M. Org. Lett. 2013, 15, 5782–5785. 
31.  Zhu, Y.; Day, C. S.; Zhang, L.; Hauser, K. J.; Jones, A. C. Chem. Eur. J. 2013, 19, 12264–
12271. 
32.  (a) Zhdanko, A.; Ströbele, M.; Maier, M. E. Chem. Eur. J. 2012, 18, 14732–14744. (b) 
Nesmeyanov, A. N.; Perevalova, E. G.; Struchkov, Y. T.; Antipin, M. Y.; Grandberg, K. I.; 
Dyadhenko, V. P. J. Organomet. Chem. 1980, 201, 343–349. 
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possible to find anions that help to replace few strong cation-anion interactions 
by many very weak ones, ideally placing the cation in a field of weak 
interactions that mostly cancel each other out. These are called 'weakly 
coordinating anions' (WCAs) and are sometimes also referred to as 'spectator 
anions'. WCAs can be classified in several groups: fluorometallate anions 
([MF6]−, (M = Sb, As)), borate and related anions ([BF4]−, [BArF4]−), alkoxy- 
and aryloxymetallates ([M(ORF)n]−, M = AlIII, NbV, TaV, YIII, LaIII). The first 
two groups are often used in gold catalysis. Other types of anions used in gold 
chemistry are coordinating anions such as triflimide [NTf2]− or triflate [OTf]− 
that commonly coordinate to the gold cation after chloride abstraction. 
It was demonstrated that the position of the counterion regarding to the gold(I) 
site strongly depends on the neutral ligand (phosphine or NHC).33 
An illustrative example is the study of anion influence on the rate of gold(I)-
catalyzed formation of naphthalenes using σ,π-digold(I) alkyne complexes 
with different anions as catalysts.24 A fast transformation was observed for 
[OTf]−, although full conversion could not be obtained, whereas the complex 
with [PF6]− as the anion gave almost full conversion after 1 hour. The 
corresponding complex with [SbF6]− gave less than 20% conversion after 8 
hours (Scheme 11). 
 
 
Rate dependence on anion: OTf− > PF6− > BF4− > NTf2− > OTs− > SbF6− 
 
Scheme 11. Counterion effect in the formation of naphthalenes by  
σ,π-digold(I) alkyne complexes. 
 
An important application of the anion effect was found for intermolecular 
reactions of alkynes with alkenes. In this case, the formation of unproductive 
σ,π-digold(I) alkyne complexes was minimized by changing the counterion of 
the cationic catalyst from [SbF6]− to the softer anion [BArF4]−.34 
In addition, it is important to mention the impact of the anion effect on the 
enantioselectivity of gold(I) catalyzed reactions. This effect can be illustrated 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
33.  (a) Macchioni, A. Chem. Rev. 2005, 105, 2039–2073. (b) Ciancaleoni, G.; Zuccaccia, C.; 
Zuccaccia, D.; Macchioni, A. Organometallics 2007, 26, 3624–3626. 	  
34.  (a) Obradors, C.; Echavarren, A. M. Chem. Eur. J. 2013, 19, 3547–3551. (b) Mazzone, G.; 
Russo, N.; Sicilia, E.; J. Chem. Theory Comput. 2015, 11, 581–590. 
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by two representative examples. First, the enantioselective gold(I) catalyzed 
asymmetric hydrocarboxylation of allenes using chiral complexes [LAuCl] 
activated by silver salts with a chiral anion. A highly additive effect of 
counterion and chiral ligand provided access to a high enantiomeric excess (ee) 
thereby opening up previously inaccessible transformations to asymmetric 
catalysis).35 Second, the enantioselective hydroamination by intramolecular 
addition of tosylamides to allenes 36  (the presence of N–H…O hydrogen 
bonding between the amino alkyne chain and the benzoate anion coordinated 
to gold enhanced the ee of this transformation). 
 
In this work 
 
Taking into account all important factors in gold(I) catalysis that were 
highlighted above, we were curious to investigate the new possibilities that can 
be achieved through application of polynuclear gold(I) catalysts. A more 
thorough insight into this particular field of gold chemistry is required as it has 
remained fairly undiscovered so far. 
 
 
 
 
 
 
 
 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
35.  Hamilton, G. L.; Kang, E. J.; Mba, M.; Toste, F. D. Science 2007, 317, 496–499. 
36.  Kim, J. H.; Park, S.-W.; Park, S. R.; Lee, S.; Kang, E. J. Chem. Asian. J. 2011, 6, 1982–1986.  
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Introduction 
 
Gold Clusters 
 
As was mentioned in the General Introduction, gold is one of the least reactive 
chemical elements. As a consequence, the metal occurs in nature in its free elemental 
form, represented as nuggets or grains in rocks, veins or alluvial deposits. Gold can 
also be found as a solid solution series with the free element silver and often alloyed 
with copper and palladium. The most common secondary components of gold alloys 
are the congeners copper and silver, but also examples with other metals such as 
palladium or titanium exist. The cubic close-packed structure of pure gold changes 
gradually as gold atoms are substituted by other metal atoms in the lattice, but 
eventually the structure changes more fundamentally. Initially as accidental 
discoveries, and later as a result of more concentrated research, the last fifty years 
have seen the appearance of small fragments of such gold and gold alloy lattices as 
clusters in chemical compounds on the molecular level, representing what may be 
described as the world of 'nano-gold'.37 Owing to its importance inter alia for 
materials science, homo- and heterogeneous catalysis, and for medicine, the cluster 
chemistry of gold and other elements has grown rapidly into one of the most active 
and competitive research areas in chemistry.  
The early period of gold cluster research did not include gold clusters with interstitial 
atoms, which is not surprising considering that gold metal - unlike most other heavy 
transition elements - forms only very few interstitial phases: no stable binary 
hydrides, oxides, nitrides, carbides or borides of gold were found. Nevertheless, based 
on theoretical calculations, a few positive predictions were made regarding gold 
clusters with an interstitial element, though experimental data were contradictory.38 It 
was only in the last decade that a rapid expansion of this new field took place and the 
present review is an account of the current state of the art. 
Most of the research leading to new gold cluster compounds was initiated following 
the aurophilicity principle, proposed as a working hypothesis on the basis of a large 
number of structural data points for virtually all classes of gold compounds. It is now 
widely recognized and accepted that small mononuclear gold complexes undergo 
intermolecular aggregation via short sub-van der Waals gold-gold contacts of ca. 3.05 
Å associated with a bond energy in the order of 5-10 kcal·mol-1. This energy is 
comparable to that of standard hydrogen bonds, and thus has similar consequences for 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
37.  Schmidbaur, H. Chem. Soc. Rev. 1995, 24, 391–400.  
38.  Hexakis[tris-(p-tolyl)phosphine]-octahedro-hexagold bis(tetraphenylborate) by Sansoni and 
Hexakis[triphenylphosphine]hexagold bis(nitrate) by Wheller were synthesized in low yields 
being byproducts: Bellon, P.; Manassero, M.; Sansoni J. Chem. Soc. Dalton Trans. 1973, 2423–
2427 and M. Briant, C. C.; Hal, K. P.; Mingos, M.P.; Wheeler, A. C. J. Chem. Soc. Dalton 
Trans. 1986, 687–692. 
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the supramolecular chemistry of gold compounds. Intramolecular Au–Au contacts 
lend significant stabilization to multinuclear gold complexes, in particular to clusters 
with interstitial atoms.  
In the middle of the 20th century Lewis, Stone, Hoffmann39 and others postulated that 
the [LAu]+ cation can be considered isolobal40 with the proton H+ and carbenium ions 
R+, following the same symmetry rules for their frontier orbitals (Table 1). This 
approach has been very relevant in systemizing many seemingly unrelated species, 
and - more importantly - in predicting new types of compounds with otherwise 
unexpected stoichiometries and structures. 
 
H+ R+ LAu+ 
H2O R2O (LAu)2O 
H3O+ R3O+ (LAu)3O+ 
H4O+ R4O+ (LAu)4O+ 
   
H3N R3N (LAu)3N 
H4N+ R4N+ (LAu)4N+ 
   
H4C R4C (LAu)4C 
H5C+ R5C+ (LAu)5C+ 
H6C2+ R6C2+ (LAu)6C2+ 
 
Table 1. Isolobality of H+, R+, (LAu)+ units at oxygen, nitrogen and carbon centers. 
 
Organogold compounds with at least one gold-to-carbon bond were among the first 
organometallic compounds to be discovered due to their high stability towards 
hydrolysis and oxidation. It was only during the late 1970s that multiple auriation of 
carbon was first accomplished – CAu2 units were reported, which indicated that 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
39.  Hoffmann, R. Anqew. Chem. Int. Ed. 1982, 21, 711–724. 
40.  The isolobal principle (more formally known as the isolobal analogy) is a strategy used in 
organometallic chemistry to relate the structure of organic and inorganic molecular fragments 
in order to predict bonding properties of organometallic compounds. 
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aggregation of gold atoms at carbon centers is a surprisingly easy process.41 The 
synthetic strategy employed to obtain carbon centered (goldphosphine)n clusters 
starting from silylated phosphorous ylides42 was developed with polyborylmethanes 
as the key intermediates for (di)cations {[(Ph3P)Au]5C}+ and {[(Ph3P)Au]6C}2+, that 
featured electron-deficient trigonal-bipyramidal and octahedral cluster structures 
respectively.5a The triphenylphosphines can be exchanged for other tertiary 
phosphines including chelating ligands which span the edges of the polyhedron. The 
structures were confirmed by analytical, spectroscopic and diffraction data, and these 
results also served to correct erroneous reports in the literature, which had suggested 
'empty' octahedral clusters.2 
A detailed analysis of the structure and bonding in the [Au6C]2+units with state-of-
the-art calculations including relativistic effects has given a very convincing account 
of the bonding situation in these species.43 
In the examples described above, all gold units in the cluster are chemically identical 
– featuring the same bonding pattern. However, in 1997 the group of Willis published 
the first example of a gold cluster that features several different types of gold.44 They 
performed the reaction of Au2(µ-o-C6H4PPh2)2 with methyl triflate, hoping to obtain 
the (triflato)methyldigold(II) complex [Au2(OTf)(CH3){µ-o-C6H4PPh2}2]. However, 
the pentanuclear gold(I) cluster [Au5(C6H4PPh2)4]CF3SO3 was isolated instead (Figure 
1). The same compound was isolated in 55% yield by treatment of Au2(µ-o-
C6H4PPh2)2 with an excess of Au(OTf)(PPh3). 
 
 
 
Figure 1. Molecular structure of the cation in [Au5(C6H4PPh2)4]OTf. 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
41.  (a) Schmidbaur, H. Gold Bull. 1990, 23, 11–21. (b) Schmidbaur, H. Interdisc Sci. Rev.1992, 
17, 213–220. 
42.  Schmidbaur, H.; Scherbaum, F.; Huber, B.; Muller, G. Angew. Chem. Int. Ed. 1988, 100, 441–
443. 
43.  (a) Gorling, A.; Rosch, N.; Ellis, D. E.; Schmidbaur, H. Inorg. Chem. 1991, 30, 3986–3994. 
(b) Haberlen, D.; Schmidbaur, H.; Rosch, N. J. Am. Chem. Soc. 1994, 116, 8241–8248. 
44.  Bennett, M. A.; Welling, L. L.; Willis, A. C. Inorg. Chem. 1997, 36, 5670–5672. 
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In addition, the BF4 salt was prepared similarly in 88% yield from Au2(µ-o-
C6H4PPh2)2 and Au(BF4)(PPh3). The obtained Au5 cluster was fully characterized, 
although the mechanism of the observed transformation remained unclear. The cation 
consists of a butterfly arrangement of four gold atoms [Au(2), Au(2)′, Au(3), Au(3)′], 
the primed and unprimed atoms being related by a 2-fold rotation axis on which the 
remaining gold atom [Au(1)] is located. The C6H4PPh2 groups fall into two distinct 
classes, accounting for the two different signals observed in the 31P NMR. Atoms 
Au(2) and Au(3) (and Au(2)′ and Au(3)′) are each bridged by a C6H4PPh2 group 
similar to that in Au2(µ-o-C6H4PPh2)2. The separation between the gold atoms of each 
pair [3.186(2) Å] is, however, significantly greater than that in Au2(µ-o-C6H4PPh2)2 
[2.8594(3) Å].45 The geometry and metrical parameters in this Au–C–Au unit are very 
similar to those observed in the bridging ferrocenyl salt [µ-(CpFeC5H4)Au2(PPh3)2]-
BF446 and in the mesitylgold(I) pentamer Au5(µ-C6H2Me3-2,4,6)5.47 Gold atom Au(1) 
is unique in bearing no tertiary phosphine, being bound only to gold atoms Au(2) and 
Au(2)′ and to carbon atoms C(1) and C(2) with an angle C(1)–Au–C(2) of 164(1)º. 
This fragment could be regarded as a linearly coordinated diarylaurate, slightly 
perturbed by the interactions with Au(2) and Au(2)′. 
 
Gold–Boron Interactions 
 
Covalent bonds between two atoms may belong to one of two classes, which are 
distinguished according to the number of electrons that each atom contributes to the 
two-center-two-electron bond. If each atom contributes one electron, the interaction 
corresponds to a normal covalent bond, whereas if one atom contributes both 
electrons, the interaction corresponds to a dative covalent or coordinate bond. As 
described in detail by Haaland,48 there is significant distinction between these types of 
bonding. While dative σ -bonding is a common feature of the transition metals, it is 
normally a Lewis base ligand (L) that provides the pair of electrons for the M←L 
bond in the vast majority of complexes, with there being relatively few well-defined 
complexes where the ligand is a Lewis acid (Z). In principle, one would expect that 
trivalent BX3 derivatives should be capable of serving as Lewis acidic ligands to an 
electron-rich transition metal (Figure 2), in a manner akin to that observed for main-
group metals, as exemplified by Cp*Ga→B(C6F5)3. 49  However, isolation of 
complexes with M→B is complicated, as additional stabilization is required for these 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
45.  Bennett, M. A.; Bhargava, S. K.; Griffiths, K. D.; Robertson, G. B.; Wickramasinghe, W. A.; 
Willis, A. C. Angew. Chem., Int. Ed. Engl. 1987, 26, 258–260. 
46.  Andrianov, V. G.; Struchkov, Yu T.; Rossinskaya, E. R. J. Struct. Chem. 1974, 15, 65–72.	  
47.  (a) Gambarotta, S.; Floriani, C.; Chiesi-Villa, A.; Guastini, C. J. Chem. Soc. Chem. Commun. 
1983, 1304–1306. (b) Meyer, E. M.; Gambarotta, S.; Floriani, C.; Chiesi-Villa, A.; Guastini, C. 
Organometallics 1989, 6, 1067–1079. 
48.  Haaland, A. Angew. Chem., Int. Ed. Engl. 1989, 28, 992–1007. 
49.  Cowley, A. H. Chem. Commun. 2004, 2369–2375.	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complexes. For example, an extensive class of complexes with M→B dative bonds is 
provided by “metallaboratranes” ([κ4-B(mimR)3]M) derived from tris(2-mercapto-1-
R-imidazolyl)borane,50 in which the M→B bond is supplemented by three M←S 
dative interactions. Another ligand of choice is triphosphanyl-borane (TPB), featuring 
intrinsic C3 symmetry. In 2006 the group of Bourissou reported a gold chloride 
complex with a monophosphine-borane ligand (Scheme 1, complex A).51 Only weak 
Au→B interaction was observed in solution (almost no change in chemical shift in 
11B NMR), though in the solid state the observed distance Au–B was smaller than the 
sum of Rvdw (2.9 Å vs 3.7 Å). 
 
 
 
Figure 2. Basic molecular orbital diagram for coordination of a BX3 ligand to a dn transition-metal 
center.52  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
50.  (a) Hill, A. F.; Owen, G. R.; White, A. J. P.; Williams, D. J. Angew. Chem., Int. Ed. 1999, 38, 
2759–2761. (b) Foreman, M. R. St.-J.; Hill, A. F.; Owen, G. R.; White, A. J. P.; Williams, D. J. 
Organometallics 2003, 22, 4446–4450. 
51.  Bontemps, S.; Bouhadir, G.; Miqueu, K.; Bourissou, D. J. Am. Chem. Soc. 2006, 128, 12056–
12057. 
52.  The formation of the metal-boron bond requires that a pair of electrons must be supplied by the 
metal, and so the metal center in the adduct adopts a dn-2 configuration. The interaction may be 
represented as either M→B or M+–B–, which are alternative representations of a dative bond and 
are not resonance structures of each other. 
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The interaction in solution could be increased by use of a highly electrophilic 
borafluorene53 (Scheme 1, complex B) moiety on the phosphine-borane ligand (the 
chemical shift in 11B NMR for the resulting gold chloride complex was shifted 10 
ppm upfield in comparison to the free ligand). Two years later Bourissou and 
coworkers reported one more study on a dative Au→B using TPB ligand. The 
observed signal at 27.7 ppm in 11B NMR suggested the presence of a dative Au→B 
interaction. 54  Gold was found to have an unusual pentacoordination without 
aurophilic interactions (Scheme 1, complex C). The B→Au bond length (2.318(8) Å) 
and the pyramidalization around the boron atom (ΣBα 339.38º) are similar to those 
observed in the related diphosphanyl–borane (DPB) complexes and are diagnostic for 
a dative Au→B interaction.  
Later that year the same group reported the synthesis of a cationic gold complex with 
a DPB ligand.55 It was shown that the Au→B interaction persists upon chloride 
abstraction. Upon cationization, the Au–B bond is elongated (from 2.318(8) Å in C 
(Scheme 1) to 2.448(8) Å in D (Scheme 1)) but remains noticeably shorter than the 
sum of the van der Waals radii (3.9 Å). The characterization data suggested that the 
cationic boratrane D retained some Au→B interaction, albeit significantly weakened 
compared to that of its neutral precursor C. Experimental and theoretical 
considerations indicate that the M→B interaction is strongest in the Pt and Au 
complexes. 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
53.  (a) Eisch, J. J.; Galle, J. E.; Kozima, S. J. Am. Chem. Soc. 1986, 108, 379–385. (b) Chase, P. A.; 
Piers W. E.; Patrick, B. O. J. Am. Chem. Soc. 2000, 122, 12911–12912. 
54.  Free triarylboranes exhibit 11B NMR chemical shifts at about 70 ppm, and the formation of 
M→B interactions upon coordination of ambiphilic ligands is accompanied by a significant 
upfield shift (20–50 ppm): (a) Bontemps, S.; Gornitzka, H.; Bouhadir, G.; Miqueu, K.; 
Bourissou, D. Angew. Chem. Int. Ed. 2006, 45, 1611–1614. (b) Bontemps, S.; Sircoglou, M.; 
Bouhadir, G.; Puschmann, H.; Howard, J. A. K.; Dyer, P. W.; Miqueu, K.; Bourissou, D. Chem. 
Eur. J. 2008, 14, 731–740. (c) Sircoglou, M.; Bontemps, S.; Mercy, M.; Saffon, N.; Takahashi, 
M.; Bouhadir, G.; Maron, L.; Bourissou, D. Angew. Chem. Int. Ed. 2007, 46, 8583–8586. 
55.  Sircoglou, M.; Bontemps, S.; Bouhadir, G.; Saffon, N.; Miqueu, K.; Gu, W.; Mercy, M.; Chen, 
C.-H.; Foxman, B. M.; Maron, L.; Ozerov, O. V.; Bourissou, D. J. Am. Chem. Soc. 2008, 130, 
16729–16738. 
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Scheme 1. Bourissou's group complexes, featuring dative Au→B interaction. 
As a consequence, in 2015 the group of Mukai reported the halogen abstraction from 
a [Au(DPB)Cl] complex with silver salts in the presence of 1,5-cyclooctadiene (cod) 
(complex E, Scheme 2) or cyclooctene (coe) to generate the cationic complex 
(Scheme 2).56 The catalytic activity of complex E was investigated in the 1,6-enyne 
cycloisomerization reaction. The 6-endo-dig product was formed preferentially (6:1 
ratio). In addition, it was found that the coordinated cod or coe could easily dissociate 
from Au in solution. Low temperature crystallization (–20 ºC) of the cationic complex 
with cod led to the formation of [Au(DPB)SbF6] and ambient temperature 
crystallization to the hydrolysis product [Au(PPh3)2SbF6].  
 
 
Scheme 2. Formation of the cationic complexes with cod (Complex E). 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
56.  Inagaki, F.; Matsumoto, C.; Okada, Y.; Maruyama, N.; Mukai, C. Angew. Chem. Int. Ed. 2015, 
54, 818–822. 
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Both results were proved by X-ray crystallography. The observed Au–B distance 
(2.521 Å) was longer than in the neutral complex [Au(DPB)Cl], though the found 11B 
chemical shift of ca. 9 ppm being similar to the one observed in R3N→BR'357 
suggested a strong dative Au→B interaction upon coordination of gold to the alkene. 
 
Gold–Boron Transmetalation 
 
In the palladium-catalyzed Suzuki–Miyaura cross-coupling, carbon–carbon bond 
formation takes place after a transmetalation from boron to palladium. Related 
precedents include observations by the groups of Schmidbaur58 and Fackler59 of 
phenyl-group transfer from [BPh4]– to gold(I) in aqueous and non-aqueous media. 
Transmetalation of (triphenylphosphine)gold(I) bromide with o-tolylboronic acid to 
yield o-tolyl(triphenylphosphine)gold(I) in isopropyl alcohol in the presence of 
cesium carbonate was described in 2006 by the group of Gray.60 The discovered 
transformation gave the product in a good yield in comparison to its synthesis starting 
from [Ph3PAuBr] and (o-tol)MgBr (50% conversion after 3 days). The use of Gagosz 
complex [Ph3PAuNTf2] instead of [Ph3PAuBr] led to the same products mentioned in 
the General Introduction, while the use of two equivalents of [Ph3PAuNTf2] led to 
diaurated complexes [(µ-aryl)(Ph3PAu)2]NTf2 (Scheme 3). 61  Very similar gem-
diarurated complexes have been obtained by the reaction of arylboronic acids with 
two equivalents of [{Au(IPr)}2(µ-OH)][BF4].62 
 
 
 
Scheme 3. Formation of diaurated species by transmetalation with boronic acids. 
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
57.  http://www.chemistry.sdsu.edu/research/BNMR/ 
58.  Sladek, A.; Hofreiter, S.; Paul, M.; Schmidbaur, H. J. Organomet. Chem. 1995, 501, 47–51.  
59.  Forward, J. M.; Fackler, J. P.; Staples, Jr., R. J. Organometallics 1995, 14, 4194–4198.  
60.  Partyka, D. V.; Zeller, M.; Hunter, A. D.; Gray, T. G. Angew, Chem. Int. Ed. 2006, 45, 8188–
8191. 
61.  Heckler, J. E.; Zeller, M.; Hunter, A. D.; Gray, T. G. Angew. Chem. Int. Ed. 2012, 51, 5924–
5928. 
62.  Gómez-Suárez, A.; Dupuy, S.; Slawin, A. M. Z.; Nolan, S. P. Angew. Chem. Int. Ed. 2013, 52, 
938–942.	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Challenges in Enantioselective Gold(I) Catalysis 
 
In contrast to the general catalysis, enantioselective catalysis employing gold(I) 
complexes was, until recently, exceedingly rare. The pronounced tendency of gold(I) 
to form linear, two-coordinate complexes, in which the reacting substrate is 
positioned far from the potential source of ligand-centered chirality has limited the 
effectiveness of traditional monodentate ligands. The preferred linear coordination 
mode of gold(I) also precludes approaches based on bidentate coordination of chiral 
bis(phosphines) and related ligands that have become the cornerstones of 
enantioselective catalysis employing four-, five-, and six-coordinate transition-metal 
complexes. 63  Until 2005 the only described enantioselective gold(I)-catalyzed 
transformation was the enantioselective coupling of aldehydes with isocyanoacetate 
esters, where gold(I) played a traditional Lewis acid role through carbonyl-group 
activation. 64  However, following the pioneering report of Echavarren in 2005 
describing the gold(I)-catalyzed enantioselective alkoxycyclization of 1,6-enynes, the 
application of gold(I) complexes in enantioselective catalysis has increased.65And 
since then new approaches and strategies have emerged over the past ten years, 
leading to the development of a number of effective gold(I)-catalyzed 
enantioselective transformations, most notably the enantioselective 
hydrofunctionalization of allenes.66  
  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
63.  (a) Catalytic Asymmetric Synthesis (Ed.: I. Ojima), 2nd. ed., Wiley-VCH, Weinheim, 2000. 
(b) Comprehensive Asymmetric Catalysis Vol. I–III (Eds.: E.N. Jacobsen, A. Pfaltz, H. 
Yamamoto), Springer, Berlin, 1999. 
64.  (a) Ito, Y.; Sawamura, M.; Hayashi, T. J. Am. Chem. Soc. 1986, 108, 6405–6406. (b) Hayashi, 
T.; Sawamura, M.; Ito, Y. Tetrahedron 1992, 48, 1999–2012. 
65.  Muñoz, M. P.; Adrio, J. ; Carretero, J. C.; Echavarren, A. M. Organometallics 2005, 24, 
1293–1300. 
66.  Two recent reviews on this topic: Widenhoefer, R. A. Chem. Eur. J. 2008, 14, 5382–5391 and 
Wang, Y.-M.; Lackner, A. D.;. Toste, F. D Acc. Chem. Res. 2014, 47, 889–901. 
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Objectives 
 
We decided to synthesize new gold(I) complexes of type 1 in which the ortho-boryl 
group could enhance the electrophilicity of the metal center for its application in the 
catalytic activation of alkynes, allenes and alkenes. This catalyst design was inspired 
both by the high reactivity displayed by cationic catalysts of type 2 with sterically 
hindered Buchwald phosphines67 and by the stability of gold(I) boratranes, such as 3 
developed by Bourissou, that display significant donor–acceptor Au→B interactions. 
 
 
 
  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
67.  (a) Nieto-Oberhuber, C.; López, S.; Echavarren, A. M. J. Am. Chem. Soc. 2005, 127, 6178–
6179. (b) Herrero-Gómez, E.; Nieto-Oberhuber, C.; López, S.; Benet-Buchholz, J.; 
Echavarren, A. M. Angew. Chem. Int. Ed. 2006, 45, 5455–5459. (c) Pérez-Galán, P.; Delpont, 
N.; Herrero-Gómez, E.; Maseras, F.; Echavarren, A. M. Chem. Eur. J. 2010, 16, 5324–5332. 
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Results and Discussion 
 
Synthesis of borylphosphine gold(I) complexes 
 
In 2008 and 2010 the group of Bourissou reported the application of (2-(dimesityl-
boryl)phenyl)diphenylphosphine 4 and (2-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-
phenyl)diphenylphosphine 5 for fluoride ion chelation and their reaction with singlet 
dioxygen observing transient phosphine peroxides (Figure 3).68 As both ligands 
perfectly matched our ligand-model, we applied them in the synthesis of new more 
electrophilic catalysts. 
 
 
 
Figure 3. Selected BP-ligands. 
 
After both ligands were synthesized following the procedures described by Bourissou 
and coworkers30a, 30b, reaction with Au(tht)Cl led to formation of the corresponding 
ortho-borylphosphines with 90–92% yield (Scheme 4). 
Both complexes (white crystalline solids) were characterized in solution by 
polynuclear NMR spectroscopy and mass spectrometry. X-Ray crystal diffraction 
analysis found Au–P (2.23 Å) and Au–Cl (2.29 Å) that are within the same range as 
found for complexes of the PPh3AuCl type (Figure 4). The P–Au–Cl angle is close to 
linearity for both complexes; in the case of complex 6 it is slightly more bent (172.87º 
(6) vs 179.16º (7)). The molecular structures showed that in case of complex 6 a weak 
Au→B interaction is present in the solid state (3.6 Å vs 3.7 Å (sum of Rvdw of gold 
and boron). In contrast to the case of (2-(5,5-dimethyl-1,3,2-dioxaborinan-2-
yl)phenyl)diphenylphosphine complex 7, where the distance between gold and boron 
was found to be longer than this sum (3.9 Å vs 3.7 Å). 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
68.  (a) T. W. Hudnall, Y.-M. Kim, M. W. P. Bebbington, D. Bourissou, F. P. Gabbaï J. Am. 
Chem. Soc. 2008, 130, 10890–10891. (b) S. Porcel, G. Bouhadir, N. Saffon, L. Maron, D. 
Bourissou Angew. Chem. Int. Ed. 2010, 49, 6186–6189. 
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Scheme 4. Synthesis of chloride borylphosphine complexes 6–7 (R = Ph). 
 
For complex 6 the Au→B interaction was also proven by 11B NMR in CH2Cl2 
solution, an upfield chemical shift was observed (51 ppm vs 75 ppm for the free 
ligand). 
 
 
 
Figure 4. X-Ray crystal structure of complexes 6 and 7; solvent molecules omitted for clarity. 
 
The obtained distances were not surprising as the DPB ligand used by Bourissou for 
the synthesis of the gold(I)-borotrane complex binds to the gold center by three 
phosphorous atoms making it more rigid, forcing gold to approach closer to the boron 
atom.  
As the catalytically active species are the cationic gold(I) complexes, the next step 
was chloride abstraction. The use of silver triflate and triflimide on complex 6 gave 
neutral mono(goldphosphine) complexes 8 and 9 in good yields as white crystalline 
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solids (Scheme 5). Complex 9 was found to be light-sensitive and slowly decomposed 
in a CH2Cl2 solution.  
 
 
 
Scheme 5. Formation of triflate 9 and triflimide 8 complexes, starting from complex 6 (R = Ph). 
 
In contrast to complex 6, mixing complex 7 with one equivalent of silver triflimide 
gave the diphosphine monogold complex 10 (Scheme 6). For both complexes the Au–
P bond length remains within the observed range. The N–Au–P angle (168.3º) for 
complex 8 is more bent than in the case of complex 6. X-Ray structures for 8, 9¸and 
10 are displayed in Figure 5. 
 
 
 
Scheme 6. Synthesis of complex 10 (R = Ph). 
 
The chloride/triflimide(triflate) exchange giving the reactive catalytic species did not 
decrease dative Au→B interaction in the solid state (in case of triflate it is even 
slightly stronger). The presence of a gold-boron interaction in solution was indicated 
by the 11B NMR resonance signal (8, 20.08 ppm), which is shifted to high-field by 
about more than 50 ppm compared to that of free (2-(dimesitylboryl)phenyl) 
diphenylphosphine (4, 75 ppm) and 30 ppm compared to chloride complex 6 (50.62 
ppm). Complex 10, in contrary, does not have dative Au→B interaction, the boron 
fragment in this structure is too far. Neither in solution could a Au→B interaction be 
observed for complex 10 (26.43 ppm vs 27.31 ppm for the free ligand). 
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Figure 5. X-Ray crystal structure of complexes 8 (top left), 9 (top right), 10 (bottom); solvent 
molecules and non-coordinated anions omitted for clarity. 
 
Hexanuclear Gold(I) Cluster Supported by Three-Center–Two-Electron Bonds and 
Aurophilic Interactions 
 
In an attempt to obtain a cationic ortho-borylphosphine gold(I) complex we used a 
AgSbF6 salt in the presence of different labile ligands: acetonitrile, benzonitrile and 
2,4,6-trimethoxybenzonitrile. Yellow needles of complex 11 were obtained after 
recrystallization in CH2Cl2/pentane. However, the obtained product was not the 
expected mononuclear cationic gold(I) complex but rather a dicationic hexanuclear 
Au6(I) cluster (Scheme 7).  
 
Scheme 7. Formation of unexpected hexanuclear gold(I) clusters 11 and 12. 
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The best yield (45 %) was achieved by treatment of 6 with AgSbF6 in CH2Cl2 at room 
temperature. An analogous hexanuclear cluster 12 (Scheme 7) was obtained using 
AgBF4. The X-Ray crystal structure of the dicationic hexanuclear cluster 11 shows a 
pseudoctahedral geometry with two types of gold atoms: four Au(I) centers (Au(1), 
Au(2), Au(4), and Au(6)) bonded to the carbon and phosphorous atoms of the L 
ligands and two Au(I) centers (Au(3) and Au(5)) bonded to carbon atoms through 
three-center–two-electron bonds (Figure 6). Owing to the distortion of planarity 
formed by the four gold atoms, the cluster is S4-symmetric instead of D4h-symmetric.  
 
 
 
Figure 6. X-Ray crystal structure of complex 11; solvent molecules and anions omitted for clarity. 
 
Dicationic hexanuclear clusters [Au6(PR3)6]2+(A)2 have distorted octahedral2 or edge-
sharing bitetrahedral structures2 with average Au–Au bond distances of 3.02 Å!and 
2.76 Å, respectively. In cluster 11, the average Au–Au bond length is 3.05 Å, with a 
closest Au···Au interaction of 2.71, which is the shortest bond distance between gold 
atoms in structurally characterized hexanuclear gold clusters. This distance is within 
the range observed for homoleptic mesitylgold complex (AuMes)5 (2.69–2.71 Å) with 
a five-pointed star structure as well as for the pentanuclear Willis cluster 
[Au5(C6H4PPh2)4]OTf with two ipso-carbon–digold interactions47 described in the 
Introduction.  
Cluster 11 is unique among hexanuclear gold clusters as it bears only four phosphines 
to stabilize six Au(I) centers and features four ipso-carbon–digold interactions. In 
contrast to the carbon-centered hexagold cluster [CAu6(dppy)6](BF4)2 (dppy = 
diphenylphosphino-2-pyridine), which is non-emissive in solution,69  complex 11 
shows emission at room temperature in CH2Cl2 solution with the maximum at ca. 460 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
69.  Jia, J.-H.; Liang, J.-X.; Lei, Z.; Cao, Z.-X.; Wang, Q.-M. Chem. Commun. 2011, 47, 4739–
4741. 
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60 
nm due to intraligand and/or metal-to-ligand transitions. In the solid state, 11 displays 
more intense emission, which is substantially redshifted with the maximum at ca. 550 
nm. However, rather than its photophysical properties, we wanted to discover the 
catalytic properties of the obtained cluster: it is conceivable that the two gold atoms 
Au3 and Au5 (Figure 6) bonded to the ortho-carbons of the aryl phosphines by 
relatively weak three-center–two-electron bonds could act as electrophilic centers to 
activate alkynes. This would give a perfect opportunity to get a better understanding 
of the transformations performed by nano-clusters of gold. 
We decided to start our reactivity studies with the reactions of nitriles and 
triphenylphosphine with cluster 11 (Scheme 8).  
 
 
 
Scheme 8. Reactivity of complex 11 towards various ligands. 
 
The three-center–two-electron bonds formed between Au(3) (Au(5)) and gem-
diaurated phenyl rings of the cluster were unreactive towards attack of nitriles or 
pyridine, the cluster 11 was almost quantitatively recovered after recrystallization 
from the reaction mixture. However, when the reaction was performed with 
triphenylphosphine the known digold complex45 13, the previously observed product 
in bimolecular Au(I)/B transmetalation, was isolated by recrystallization in 75%.  
Next step was the study of its catalytic properties. Accordingly, treatment of 1,6-
enyne C with gold cluster 11 as the catalyst led to dienes C1 and C2 (Scheme 9)70. 
Cluster 11 was quantitatively recovered from the reaction mixture by recrystallization 
through diffusion with hexane. Furthermore, no induction period was observed by 
monitoring the cycloisomerization of C to C1 and C2 in CD2Cl2 at 0–23 ºC. Finally, 
mercury poisoning test was negative: the cycloizomerization proceeded to 
completion. 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
70.  (a) Nieto-Oberhuber, C.; Muñoz, M. P.; Buñuel, E.; Nevado, C.; Cárdenas, D. J.; Echavarren, 
A. M. Angew. Chem. Int. Ed. 2004, 43, 2402–2406. (b) Nieto-Oberhuber, C.; Muñoz, M. P.; 
López, S.; E. Jiménez-Núñez, E.; Nevado, C.; Herrero-Gómez, E.; Raducan, M.; Echavarren, 
A. M. Chem. Eur. J. 2006, 12, 1677–1693. 
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Scheme 9. Cycloisomerization of 1,6-enyne C. 
Observing that cluster 11 cyclized the 1,6-enyne, we decided to explore the scope of 
its catalytic activity. The system was applied in another 1,6-enyne cyclization (D to 
D1, D2),74 addition of indole to 1,6-enynes (E to E1),71 oxidative cyclization of 
alkynyl oxirane (F to F1), 72 cycloisomerization of 7-alkynyl cycloheptatriene (G to 
G1),73 hydration of alkynes on the example of phenylacetylene (H to H1)74 and in the 
[4+2] cycloaddition of 1,6-enyne I (I to I1)75 (Scheme 10). In all cases moderate to 
good yields were obtained, although the reactions required prolonged reaction times 
in comparison to [JohnPhosAu(NCMe)]SbF6. 
 
 
Scheme 10. Catalytic activity of cluster 11. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
71.  Nieto-Oberhuber, C.; López, S.; Muñoz, M. P.; Jiménez-Núñez, E.; Buñuel, E.; Cárdenas, D. 
J.; Echavarren, A. M. Chem. Eur. J. 2006, 12, 1694–1702. 
72.  C. Gronnier, S. Kramer, Y. Odabachian, F. Gagosz, J. Am. Chem. Soc. 2012, 134, 828−831.  
73.  McGonigal, P. R.; de Leon, C.; Wang, Y.; Homs, A.; Solorio-Alvarado, C. R.; Echavarren, A. 
M. Angew. Chem. Int. Ed. 2012, 51, 13093–13096.  
74.  Leyva, A.; Corma, A. J. Org. Chem. 2009, 74, 2067–2074. 
75.  Nieto-Oberhuber, C.; Pérez-Galán, P.; Herrero-Gómez, E.; Lauterbach, T.; Rodríguez, C.; 
López, S.; Bour, C.; Rosellón, A.; Cárdenas, D. J.; Echavarren, A. M. J. Am. Chem. Soc. 
2008, 130, 269–279. 
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We were curious about the mechanism, as to how cluster 11 performs the cyclization 
(C to C1). Based on the mechanistic studies done for 1,6-cyclization76 we proposed 
that the first step is coordination to the π-system of the triple bond of enyne C along 
with weakening of one of the three-center-two-electron bonds (Figure 7). 
 
 
Figure 7. Proposed first step in the 1,6-enyne cycloisomerization. 
 
Theoretical calculations77 found several important points with respect to the catalysis 
of cluster 11: 1) the active sites of the cluster are indeed Au(3) and Au(5) centers, 
they were found to be more electrophilic than Au(1), Au(2), Au(4) and Au(6); 2) no 
adduct was observed if a symmetric alkyne was used, therefore a polarized substrate 
is required; 3) neither reaction proceeds if the structure of cluster 11 is simplified, the 
complete P(µ-C6H4)Ph2 unit was necessary for the catalysis to proceed. The 
cyclization mechanism (Figure 8) using cluster 11 as a catalyst for C to C1 was found 
to be similar but not identical to the previously published one. The difference was that 
the cyclized enyne is not coordinated to cluster 11, as happened in the case of 
[JohnPhosAu(NCMe)]SbF6. To obtain additional prove of this data we performed 
kinetics studies.  
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
76.  Nieto-Oberhuber, C.; López, S.; Muñoz, M. P.; Cárdenas, D. J.; Buñuel, E.; Nevado, C.; 
Echavarren, A. M. Angew. Chem. Int. Ed. Engl. 2005, 44, 6146–6148. 
77.  Performed by Dr. Nuno A. G. Bandeira and Prof. Carles Bo, ICIQ. 
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Figure 8. The mechanistic route (BP86-D3 electronic energies in vacuo) for 1,6-enyne 
cycloisomerization catalyzed by cluster 11 (black path) and [AuPPh3]+ (orange path). 
 
First, we set out to investigate whether Au(3) and Au(5) of cluster 11 (Figure 6) can 
perform catalysis at the same time or only one side of the cluster is active at a given 
moment. For this purpose we chose the method of initial rates. The initial rate in a 
reaction is the instantaneous rate determined right after the reaction begins, before the 
concentration of reagents changes significantly. In a given reaction, the general rate 
equation is: 
 
A + B→ C 
rate = k • [A]a • [B]b 
a and b are the order of reagents 
Equation 1 
 
The method of initial rates allows determining the orders of the reagents by running 
the reaction multiple times under certain conditions and measuring the initial rate of 
the reaction in each case. In each experiment, all the variables remain constant from 
one run to the next, except for the concentration of one reactant. Thus, the order of a 
reagent can be determined by comparing the reaction rates as the concentration of this 
particular reagent varies. 
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For performing the experiment described above we found NMR to be the most 
reliable (monitoring reaction by 1H NMR in the presence of an internal standard 
(triphenylmethane, 1 equivalent)). We envisioned that the concentration of reagents 
does not change significantly until 10–15% of cyclized enyne C1 is formed. The 
obtained data are presented in Figure 9. Solving the Equation 1 for cluster 11 showed 
the order to be one, meaning that either Au(3) or Au(5) performs the catalysis at a 
single moment in time. 
Next step was the determination of the enthalpy and entropy of the 1,6-enyne 
cyclization catalyzed by cluster 11. For this study we needed to consider the reaction 
to be pseudo-first order78 in order to apply the Eyring equation (the transition state 
theory developed by Eyring)79 for the calculation of the above mentioned parameters.  
 
 
 
Graph 1. Method of initial rates for cluster 11. 
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
78.  Under certain conditions, the 2nd order kinetics can be well approximated as first order 
kinetics. These Pseudo-1st-order reactions greatly simplify quantifying the reaction 
dynamics (we include concentration of the catalyst (very low concentration) in the rate 
constant k, creating k'). 
79.  (a) Eyring, H. J. Chem. Phys. 1935, 3, 107–115. (b) Evans, M. G.; Polanyi, J. C. Trans. 
Faraday Soc. 1935, 31, 876. 
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Initial rate, mole•L-1•sec-1 Cat, mol%,  
0.197•10-4 0.5 
0.402•10-4 1 
0.481•10-4 2 
0.576•10-4 2.5 
 
   (1) 
    (2) 
a = 0.98 
 
Figure 9. Method of initial rates for cluster 11. 
 
A range of temperatures has been selected: 268, 278, 283, 288, 293 and 298 K. All 
reactions were performed under exactly the same conditions, until more than 80% of 
conversion to C1 had been achieved. The obtained data are represented in Figure 10.  
 
 
 
  
rate1 = k  [A1]a  [B]b
rate2 = k  [A2]a  [B]b
0.197
0.402
= 0.5
a
1a
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T, K k, s-1 ΔΗ
‡, 
kcal·mol-1 
ΔS‡, 
cal·mol-1K-1 
ΔG298‡, 
kcal·mol-1 
268 3.87·10-4, r2 = 0.99 
20.29 1.79 19.76 
278 18.30·10-4, r2 = 0.99 
283 22.57·10-4, r2 = 0.99 
288 75.78·10-4, r2 = 0.99 
293 100.68·10-4, r2 = 0.99 
298 203.60·10-4, r2= 0.99 
 
Figure 10. Determination of the reaction parameters for the cyclization of 1,6-enyne (C to C1) by the 
Eyring equation. 
 
These data support that the rate-determining step in the catalytic cycle in the case of 
cluster 11 is not ligand substitution as the obtained value of entropy is positive. This 
is in sharp contrast to that previously found with [JohnPhosAu(NCMe)]SbF6, for 
which the value was found to be -50.3 cal·mol-1K-1).80 
 
More Examples of Hexanuclear Gold(I) Clusters 
 
We were interested in expanding the cluster´s 'scope', as it might help in further 
understanding its reactivity. Keeping the cluster framework, we decided to change the 
substituents on the phosphorous atoms: cyclohexyl (more electron-donating 
substituent than phenyl) and 2-furyl (more electron-withdrawing) were selected. 
Moreover, we wanted to find an easier way to synthesize clusters of this type as 
ortho-borylphosphine ligands cannot be purified by column chromatography, so their 
purification takes more time. In addition, only ligands with more electron donating 
groups on the phosphorous were synthesized till the present day. Our choice was 
made for ortho-silylphosphine ligands81, as they can be easily synthesized and 
purified. We expected the same bimolecular transmetalation of Si/Au82 to occur, 
hoping that it would lead us to the same product. In 2013 the group of Iwasawa 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
80.  PhD Thesis of Cristina Nieto Oberhuber, Universidad Autónoma de Madrid-ICIQ, 2006. 
81.  (a) Xue, M.; Li, J.; Peng, J.; Bai, Y.; Guodong, Z.; Xiao, W.; Lai, G. Appl. Organometal. 
Chem. 2014, 28, 120–126. (b) Kirai, N.; Iguchi, S.; Ito, T.; takaya, J.; Iwasawa, N. Bull. 
Chem. Soc. Jpn. 2013, 86, 784–799. 
82.  The use of bulky substituents is required to prevent the transmetalation, for reactivity of Si – 
Au complexes: Joost, M.; Gualco, P.; Mallet – Ladeira, S.; Amgoune, A.; Bourissou, D. 
Angew. Chem. Int. Ed. 2013, 52, 7160–7163 and references there. 
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published the synthesis of PSiP-Pincer type ligands bearing different aryl substituents 
on the phosphorous atom: para-methoxyphenyl, ortho-methoxyphenyl, 2-furyl and 
para-trifluoromethyl groups.84b A year later, the group of Peng while working on 
rhodium-catalyzed hydrosilylation of alkenes reported the improved synthesis83 of 
diphenyl(2-trimethylsilylphenyl)phosphine ligand 12 (Scheme 11). 
 
 
 
Scheme 11. Synthesis of diphenyl(2-trimethylsilylphenyl)phosphine by Peng. 
 
We decided to apply the same procedure for the synthesis of R2(2-
trimethylsilylphenyl)phosphine ligand ( R = cyclohexyl or 2-furyl groups) (Scheme 
12). 
 
 
 
Scheme 12. Synthesis of R2(2-trimethylsilylphenyl)phosphine. 
 
Both ligands were isolated by column chromatography in good yields as a white solid 
(13) and colorless oil (14). The synthesis of 2-furyl substituted phosphine required 
low temperatures (reaction with chlorotrimethylsilane was performed at -45 ºC). New 
ligands were found to be stable towards oxidation being kept in the fridge at 5 ºC. Its 
structures were supported by polynuclear NMR analysis (1H, 31P{1H}, 13C, 29Si) and 
mass spectrometry.  
Next, the reaction with the gold source [Au(SMe2)Cl] was performed and new gold 
chloride complexes were isolated  as white crystalline solids in good yields (Scheme 
13).  
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
83.  Original synthesis: Kawachi, A.; Yoshioka, T.; Yamamoto, Y. Organometallics 2006, 25, 
2390–2393. 
Br
PPh2
+ Me3SiCl
nBuLi, Et2O, 0 ºC, Ar
SiMe3
PPh2
12, 82%
Br
PR2
+ Me3SiCl
nBuLi, Et2O/THF, Ar
SiMe3
PR2
13, R = Cy, 85%
14, R = 2-Fur, 60%
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Scheme 13. Synthesis of gold chloride R2(2-trimethylsilylphenyl)phosphine complexes 15–17. 
 
Complexes 15–17 were fully characterized in solution by NMR and by mass 
spectrometry, for complex 15 crystals suitable for X-ray diffraction were obtained 
(Figure 11). 
 
 
 
 
Figure 11. X-Ray crystal structure of 15; solvent molecules omitted for clarity. 
 
No interaction between silicon and gold was found, the distance Au–Si 4.05 Å (sum 
of Rvdw of gold and silicon is 3.76 Å). 
After the chloride complexes were obtained we were curious to see if the 
transmetalation would lead to Au6(I) clusters or to digold complexes like 13, as these 
complexes were obtained by Sn/Au transmetalation.39b Thus, complexes 15–17 were 
mixed with one equivalent of AgSbF6 in a CH2Cl2 solution and to our delight the 
reaction led to formation of the cluster. After several recrystallizations using a 
CH2Cl2/hexane system, all three clusters 11, 18 and 19 were isolated as yellow 
crystalline solids and moreover, cluster 11 was obtained in higher yield than by Au/B 
transmetalation (Scheme 14). The newly obtained clusters 18 and 19 have the same 
symmetry as cluster 11; both were characterized in solution by polynuclear NMR 
spectroscopy and by mass spectrometry. It is necessary to mention that solutions of 
cluster 19 are light sensitive and slow decomposition is observed with time. For both 
SiMe3
PR2
15, R = Ph, 95%
16, R = Cy, 94%
17, R = 2-Fur, 95%
Au(SMe2)Cl, CH2Cl2, 25 ºC SiMe3
P
R2
Au Cl
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of them, crystals suitable for X-ray diffraction were obtained (Figure 12). In cluster 
18, the average Au–Au bond length is the same as for cluster 11 (3.05 Å), with a 
shortest Au···Au interaction of 2.73 Å, which is slightly longer than in cluster 11 (0.02 
Å difference). In case of cluster 19, the average Au–Au bond length is significantly 
shorter (2.88 Å), with a shortest Au···Au interaction of 2.71 Å, which is the shortest 
distance in an Au6 cluster for the present day. 
 
 
 
Scheme 14. Synthesis of Au6(I) clusters 11, 18, 19. 
 
According to our proposal, three-center-two-electron bonds are the ones that are 
responsible for the reactivity in the clusters of this type (Figure 7). In contrast to the 
strength of aurophilicity in the clusters, cluster 19 has the longest bonds, which means 
it should be the most reactive. In addition, we also calculated the internal volume of 
the clusters, in an attempt to find more parameters that might predict/explain their 
reactivity (Figure 12). 
  
P
SiMe3
R
R
15-17
Au Cl
AgSbF6, CH2Cl2, 25 ºC
(SbF6 )2
L Au
Au
Au
Au
Au
Au
L L
L
2+
11, L = PPh2, 65%
18, L = PCy2, 50%
19, L = P(2-Fur)2, 55%
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Cluster Au–C 
Bond lengths, Å 
11 2.092, 2.118 
18 2.124, 2.145 
19 2.159, 2.162 
 
Figure 12. X-Ray crystal structure of clusters 18 and 19; solvent molecules and anions omitted for 
clarity. 
 
To be able to use basic geometry for these calculations it was necessary to simplify 
the symmetry of the cluster. We decided to check two cases: first, to increase the 
symmetry from S4 to D2h, considering the clusters to be bipyramidal with a 
parallelogram as a base. In the second case to D4h, selecting a square as a base for the 
bipyramid (Table 2). 
Both approximations gave us the same trend: cluster 18 has the smallest inner 
volume, 11 – intermediate one, and the biggest one is cluster 19.  
 
D2h symmetry 
 
Cluster h, Å Bparalellogram, Å2 V, Å3 
11 2.047 9.948 13.58 
18 1.961 10.237 13.38 
19 2.107 9.944 13.97 
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D4h symmetry 
 
Cluster h, Å (B = a2)Bsquare, Å2 V, Å3 
11 2.047 10.001 13.65 
18 1.961 10.243 13.39 
19 2.107 9.969 14.00 
 
Table 2. Calculation of the inner volume of clusters; two approximations: D2h symmetry and D4h 
symmetry. 
 
From the obtained data we expected that cluster 18 should be the least reactive, as it 
has electron donating substituents at the phosphorous center which makes the gold 
center less electrophilic in addition to its smaller volume. And indeed, no reaction was 
observed in the [4+2] cycloaddition reaction (I to I1, Scheme 10). When the 
cycloisomerization of 1,6-enyne (C to C1 on the Scheme 10) was monitored by 1H 
NMR at 25 ºC, the obtained rate constant was 5 times smaller than for the reaction 
catalyzed by cluster 11. 
Following the same logic, cluster 19 should have superior reactivity compared to 
cluster 11. As 2-furyl groups are electron withdrawing, they should decrease donation 
from phosphorous to gold, making the later more electrophilic. Moreover, the lengths 
for three-center-two-electron bonds were found to be the longest among all three 
clusters, also cluster 19 has the biggest volume. 
Indeed cluster 19 was found to be catalytically active for the [4+2] cycloaddition (I to 
I1 on Scheme 10) forming the product in similar yield (70%) after 12 hours reaction 
time (the same reaction time was required for cluster 11). However, the found rate 
constant at 25 ºC for 1,6-enyne cycloisomerization was 15 times smaller than for 
cluster 11. Trying to understand the obtained result, we proposed that the observed 
unusually strong aurophilicity of cluster 19 might be responsible for slowing down its 
reactivity, providing more stabilization to the 'naked' gold formed after dissociation of 
one of the three-center-two-electron bonds. 
 
Au→B Interaction and the Reactivity of Complex 8 
 
As the initial goal of this project was to examine the reactivity of borylphosphine 
gold(I) complexes, we went back to the triflimide complex 8 to study its reactivity 
and to compare it with the reactivity of the Buchwald type phosphine gold(I) cationic 
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complex [JohnPhosAu(NCMe)]SbF6. We selected the 1,6-enyne cyclization (C to 
C1(C2)), cycloisomerization of 7-alkynyl cycloheptatriene (G to G1), hydration of 
phenylacetylene (H to H1) and the challenging [4+2] cycloaddition of 1,6-enyne I (I 
to I1) as model reactions (Scheme 15). 
 
 
 
Scheme 15. Catalytic activity of triflimide complex 8. 
 
In all selected reactions complex 8 showed high reactivity and the formed products 
were isolated in good to excellent yields. The challenging [4+2] cycloaddition in the 
case of complex 8 proceeds in half the time that was required for [JohnPhosAu-
(NCMe)]SbF6, which proves the high electrophilicity of the gold center because of its 
additional interaction with boron. However, the phosphite cationic gold complex [(o-
TolO)PAu(NCPh)]SbF6 catalyzes this transformation even faster. That allows us to 
place the newly synthesized triflimide borylphosphine gold(I) complex in between 
phosphine and phosphite in the reactivity row of monogold(I) complexes. 
 
Borylphosphine gold(I) complexes: Enantioselective Approach 
 
As was mentioned in the Introduction, enantioselective gold(I) catalysis still remains 
a challenge in the field. We were considering the possibility to apply the Au→B 
interaction not only as a means to increase the electrophilicity of the gold center but 
also to direct the chirality to the place where the catalyst interacts with the substrate. 
The use of a chiral environment on boron can be a new way to solve the problem 
accompanied by the tendency of gold towards linear geometry bonding.  
5 mol% 8, toluene, 23 ºC
Ph Ph
O
1 mol% 8, 4 equiv. H2O
MeO2C
MeO2C
MeO2C
MeO2C2 mol% 8, CH2Cl2, 23 ºC
I1, 71%
G1, 66%
H1, 90%
G
H
I
MeOH,  23 ºC
2 mol% 8, CH2Cl2, 23 ºC
MeO2C
MeO2C
MeO2C
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MeO2C
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Applying the methodology of Bourissou34b for the synthesis of ortho-borylphosphines 
we planned to use chiral diols as a source of chirality. We selected (2R, 3R)-(-)-2,3-
butanediol and (S, S)-(+)-hydrobenzoin for the ligand synthesis (Scheme 16). 
 
 
 
Scheme 16. Synthesis of chiral borylphosphines 20 and 21. 
 
Both ligands were obtained in moderate yields; this might be explained by the partial 
hydrolysis during purification by column chromatography.  
Next step was the formation of the gold chloride complex (Scheme 17).  
 
 
 
Scheme 17. Formation of the gold chloride complexes 22 and 23. 
 
Both complexes were obtained in excellent yield and their structures were confirmed 
both in solution and solid state. The structure of complex 22 was solved by X-ray 
diffraction (Figure 13). 
 
Figure 13. X-Ray crystal structure of complex 22; solvent molecules omitted for clarity. 
Br
PPh2
1. nBuLi, Et2O, 25 ºC
2. 6 equiv. B(OMe)3, THF, -78 ºC
3. 6 equiv. diol, toluene, 100 ºC
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PPh2
O
O
R
R
20, R = Me, 48 %
21, R = Ph, 37 %
B
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O
O
R
R
Au(tht)Cl, 25 ºC, CH2Cl2 B
P
Ph2
O
O
R
R
Au Cl
22, R = Me, 91 %
23, R = Ph, 88 %
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The length of the Au–P bond is shorter than in the analogous complex 7 (2.18 Å vs 
2.22 Å), accordingly the Au–Cl bond is longer (2.33 Å). The P–Au–Cl fragment 
retains an almost linear geometry (179.4º). To our delight, the found distance between 
gold and boron was the shortest in comparison to complexes 8 and 9. 
To check the influence of the presented interaction between gold and boron, we also 
decided to synthesize a ligand with similar symmetry, but replacing boron by 
carbon.84 In 2008 the group of Charette reported the synthesis of 2-(2-bromophenyl)-
1,3-dioxolane, this ligand is the closest analog to ligand 20. With the 2-(2-
bromophenyl)-1,3-dioxolane in hand we performed a reaction with the gold precursor 
to obtain gold complex 24 in high yield (85%), which was fully characterized and its 
structure was confirmed by X-ray (Figure 14). 
 
 
 
Figure 14. X-Ray crystal structure of complex 24; solvent molecules omitted for clarity. 
 
Next was the test for the enantioselective transformation. As the model reaction for 
this test we selected a [4+2] cycloaddition, as our group was working for a long time 
on the possibilities to perform this transformation enantioselectively (Scheme 18).85 
 
 
 
Scheme 18. [4+2] cycloaddition of 1,6-enyne. 
 
However, all our attempts to perform this transformation enantioselectively were 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
84.  Bonnaventure, I.; Charette, A. B. J. Org. Chem. 2008, 73, 6330–6340. 
85.  Delpont, N.; Escofet, I.; Perez-Galan, P.; Spiegl, D.; Raducan, M.; Bour, C.; Sinisi, R.; 
Echavarren, A. M. Catalysis Science & Technology 2013, 3, 3007–3012. 
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unsuccessful. The problem was Au/B transmetalation, happening in cases of 
complexes 22 and 23, no matter what kind of chloride scavenger was used (AgSbF6, 
AgOTf, AgNTf2 or GaCl3), formation of the hexanuclear clusters was observed each 
time (by 1H and 31P{1H} NMR). 2-(2-bromophenyl)-1,3-dioxolane gold(I) chloride 
was found to decompose upon chloride replacement. 
However, this is still an ongoing project in the group and the new strategy consists of 
moving the boron from the phenyl ring to a benzylic position (Figure 15). 
 
 
 
Figure 15. New ligand design. 
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Conclusion 
 
While investigating the influence of dative Au→B interactions by using ortho- 
borylphosphine ligands, we found the first example on a molecular level of a 
catalytically active Au6(I) cluster. This is the first cluster in which six gold centers are 
supported by four ligands in which two three-center-two electron bonds are formed 
between carbons of gem-diaurated phenyl rings. Also this gold cluster was found to 
be catalytically active in a variety of transformations. In addition we investigated the 
mechanism and influence of substituents on the phosphorous atoms in the 1,6-enyne 
isomerization catalyzed by the cluster. 
By changing the anion of the silver salt we were able to obtain the triflimide gold(I) 
ortho-borylphosphine complex that featured Au→B interaction in the solid state and 
in solution. This complex showed a reactivity that lies in between the Buchwald 
phosphine ligand and a phosphite. 
In addition we also attempted to synthesize a chiral version of the same complex by 
using chiral diols. However, the formed complexes underwent transmetalation with 
loss of the chiral part. A new strategy to prevent transmetalation was proposed by 
moving the boron center to a benzylic position, which is currently under development 
in our group.	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Experimental Part 
 
General Information 
 
Unless otherwise stated, reactions were carried out under argon atmosphere in 
solvents dried by passing through an activated alumina column on a PureSolvTM 
solvent purification system (Innovative Technologies, Inc., MA). Analytical thin layer 
chromatography was carried out using TLC-aluminium sheets with 0.2 mm of silica 
gel (Merck GF234) using UV light as the visualizing agent and an acidic solution of 
vanillin in ethanol as the developing agent. Chromatograpy purifications were carried 
out using flash grade silica gel (SDS Chromatogel 60 ACC, 40-60 mm) or automated 
flash chromatographer CombiFlash Companion. Preparative TLC was performed on 
20 cm ×  20 cm silica gel plates (2.0 mm thick, catalogue number 02015, Analtech). 
Organic solutions were concentrated under reduced pressure on a Büchi rotary 
evaporator. NMR spectra were recorded at 298 K on a Bruker Avance 400 Ultrashield 
and Bruker Avance 500 Ultrashield apparatus. Mass spectra were recorded on a 
Waters Micromass LCT Premier (ESI), Waters Micromass GCT (EI, CI) and Bruker 
Daltonics Autoflex (MALDI) spectrometers. Elemental analyses were performed on a 
LECO CHNS 932 micro-analyzer at the Universidad Complutense de Madrid. 
Melting points were determined using a Büchi melting point apparatus. Chiral HPLC 
analyses were performed on a Waters system using a Chiralpak IA column (4.6x250 
mm, 5mm) and Chiralpak IB column (4.6x250 mm, 5mm). 
Crystal structure determinations were carried out using a Bruker-Nonius 
diffractometer equipped with an APPEX 2 4K CCD area detector, a FR591 rotating 
anode with MoKa radiation, Montel mirrors as monochromator and a Kryoflex low 
temperature device (T = – 173 oC). Full-sphere data collection was used with w and j 
scans. Programs used: Data collection APEX-2, data reduction Bruker Saint V/.60A 
and absorption correction SADABS. Structure Solution and Refinement: Crystal 
structure solution was achieved using direct methods as implement in SHELXTL and 
visualized using the program XP. Missing atoms were subsequently located from 
difference Fourier synthesis and added to the atom list. Least-squares refinement on 
F2 using all measured intensities was carried out using the program SHELXTL. All 
non-hydrogen atoms were refined including anisotropic displacement parameters. 
UV-Vis measurements were carried out on a Shimadzu UV-1700PC 
spectrophotometer equipped with a photomultiplier detector, double beam optics, 
and D2 and W light source. Fluorescence measurements were carried out on an 
Aminco-Bowman Series 2 Luminescence spectrofluorimeter equipped with a high 
voltage PMT detector and continuum Xe light source. Lifetime measurements were 
carried out on an Edinburgh Instruments LifeSpec-II spectrometer based on the time-
correlated single photon counting (TCSPC) technique, equipped with a PMT detector, 
double subtractive monochromator and picosecond pulsed diode laser source. 
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
 
Chapter I: Borylphosphine Gold(I) Complexes: Transmetalation and Beyond 	  	  
78 
Synthesis of Gold(I) Complexes 6–10 and Hexanuclear Au(I) clusters 
11 and 12 
 
Procedure for the synthesis of ortho-boronatephoshpine gold chloride complexes 6, 7 
Au(tht)Cl (50.0 mg, 0.16 mmol) was dissolved in CH2Cl2, to which ortho-
boronatephoshpine ligand (81.7 mg, 0.17 mmol for 6, 63.6 mg, 0.17 mmol for 7) was 
added. The reaction mixture was stirred for 1 h in the absence of light to give a nearly 
transparent colorless solution. The reaction mixture was passed through a layer of 
silica (2 cm) and evaporated. Recrystallization from CH2Cl2/hexane mixture at 23 ºC 
gave a crystalline colorless solid, which was collected, washed with pentane and 
vacuum dried. Yield: 106.9 mg (90%) for 6, 89.3 mg (92%) for 7.  
 
(2-(dimesitylboryl)phenyl)diphenylphosphinegold(I) chloride, 6 
 
 
 
 
1H NMR (400 Hz, CDCl3) δ  7.44 – 7.18 (m, 14H),  6.76 (bs, 4H), 2.18 (bs, 18H). 31P 
{1H} NMR (162 Hz, CDCl3) δ  33.88 (s). 11B {1H} NMR (128 Hz, CDCl3) δ  
50.62 (s). 13C NMR (100 Hz, CDCl3,) δ 135.9 (d, J (13C – 31P) =  6.0 Hz, CH), 135.4 
(d, J (13C – 31P) = 12.0 Hz, CH), 131.6 (bs, CH), 131.3 (bs, CH), 129.9 (d, J (13C – 
31P) = 7.0 Hz, CH), 128.8 (d, J (13C – 31P) = 8.0 Hz, CH), 21.4 (s, CH3). MS-ESI: m/z 
for C36H36AuPBCl found 707.3 [M–Cl]+, 765.2 [M+Na]+. Anal. Calc. for 
[C36H36AuBClP]: %C 58.20, %H 4.88; found: %C 58.02, %H 4.75. X-Ray quality 
crystals were obtained by slow diffusion of diethyl ether into a solution of the 
complex in CH2Cl2 at 5 ºC. 
 
(2-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)phenyl)diphenylphosphinegold(I) 
chloride, 7 
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1H NMR (500 Hz, CDCl3) δ 7.88 – 7.86 (m, 1H), 7.58 – 7.54 (m, 4H), 7.51 – 
7.42 (m, 7H),  7.35 – 7.31 (m, 1H), 6.94 – 6.90 (m, 1H),  3.61 (s, 4H),  0.86 (s, 6H). 
31P {1H} NMR (203 Hz, CDCl3) δ 38.01 (s). 13C NMR (126 Hz, CDCl3) δ 135.1 (d, J 
(13C – 31P) = 13.9 Hz, CH),  134.4 (d, J (13C – 31P) = 13.8 Hz, CH), 133.7 (C), 133.4 
(d, J (13C – 31P) = 8.8 Hz, CH), 133.2 (C), 131.5 (d, J (13C – 31P) = 1.3 Hz, CH), 130.9 
(C), 130.7 (d, J (13C – 31P) = 10.1 Hz, CH), 130.4 (C), 129.9 (d, J (13C – 31P) 
= 2.5 Hz, CH), 129.1 (d, J (13C – 31P) = 11.3 Hz, CH), 71.9 (CH2), 31.8 (C), 22.2 
(CH3). MS-ESI: m/z for [C23H24AuBClO2P] found 589.1 [M(H2O)–Cl]+. X-Ray 
quality crystals were obtained by slow diffusion of diethyl ether into a solution of the 
complex in CH2Cl2 at 5 ºC. 
 
Procedure for the synthesis of gold complex 8 and 10 
 
Complex 6 (104.0 mg, 0.14 mmol) or 7 (84.9 mg, 0.14 mmol) was dissolved in 
CH2Cl2 (1 mL) and AgNTf2 (54.3 mg, 0.14 mmol) was added. The reaction mixture 
was stirred for 30 min in the absence of light to give a colorless solution and a white 
precipitate. The mixture was filtered through 2 Teflon filters, evaporated, 
recrystallized from CH2Cl2/Et2O at 5 ºC to give 8 and 10, which were collected, 
washed with pentane and vacuum dried. Yield: 129.9 mg (94%) for 8, 79.2 mg (91%) 
for 10.  
(2-(Dimesitylboryl)phenyl)diphenylphosphinegold(I) triflimide, 8 
 
 
 
1H NMR (500 Hz, CDCl3) δ 7.50 – 7.44 (m, 4H),  7.42 – 7.35 (m, 5H), 7.25 – 7.13 
(m, 5H), 6.57 (bs, Mes-CH, 4H), 2.18 – 1.94 (bs, 18H). 31P {1H} NMR (203 Hz, 
CDCl3) δ 30.88 (s). 11B {1H} NMR (160 Hz, CDCl3) δ  20.08 (s). 13C NMR (126 Hz, 
CDCl3) δ 142.3 (s, C), 141.7 (s, C), 140.8 (C), 135.9 (d, J (13C – 31P) = 8.7 Hz, CH), 
135.7 (d, J (13C – 31P) = 13.7 Hz, CH), 133.7 (d, J (13C – 31P) = 12.5 Hz, CH), 131.9 
(CH), 131.7 (CH), 130.8 (s, C), 130.2 (s, C), 130.0 (d, J (13C – 31P) = 2.0 Hz, CH), 
129.1 (d, J (13C – 31P) = 13.7 Hz, CH), 120.9 (s, C), 118.3 (s, C), 21.4 (CH3). MS-
ESI: m/z for [Au(C38H36BP)F6NO4S2] found 707.2 [M–F6NO4S2]+. X-Ray quality 
crystals were obtained by slow diffusion of diethyl ether into a solution of the 
complex in CH2Cl2 at 5 ºC. Anal. Calc. for [C38H36AuBF6NO4PS2]: %C 46.22, %H 
3.67, %N 1.42; found: %C 45.67, %H 3.61, %N 1.59. 
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Bis[(2-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)phenyl)diphenylphosphine]gold(I) 
chloride, 10 
 
 
 
1H NMR (500 Hz, CDCl3) δ  8.07 (dd, J (1H – 1H)  = 7.0 Hz, J (1H – 31P)  = 1.5 Hz, 
1H), 7.64 – 7.55 (m, 11H), 7.45 (td, J (1H – 1H)  = 7.5 Hz, J (1H – 31P)  = 1.0 Hz, 1H), 
 6.92 (q, J (1H – 1H)  = 5.4 Hz, 1H), 2.99 (s, 4H), 0.45 (s, 6H). 31P {1H} NMR (203 
Hz, CDCl3) δ 50.73 (s). 11B {1H} NMR (128 Hz, CDCl3) δ  26.43 (s). 13C NMR (126 
Hz, CDCl3) δ 136.9 (t, J (13C – 31P) = 5.6 Hz, CH), 134.1 (t, J (13C – 31P) 
= 7.5 Hz, CH), 133.7 (t, J (13C – 31P) = 5.0 Hz, CH), 133.1  (t, J (13C – 31P) 
= 26.3 Hz, C), 132.3 (s, CH), 131.3 (m, CH), 130.9 (s, CH), 129.8 (t, J (13C – 
31P)= 6.3 Hz, CH), 129.6 (s, C), 129.4 (s, C), 71.6 (s, CH2), 31.1 (s, C), 20.1 (s, CH3). 
MALDI: m/z for [C48H48AuB2F6NO8P2S2] found 945.4 [M–NTf2]+.	   X-Ray quality 
crystals were obtained by slow diffusion of diethyl ether into a solution of the 
complex in CH2Cl2 at 5 ºC. Anal. Calc. for [C48H48AuB2F6NO8P2S2]: %C 47.04, %H 
3.95, %N 1.14; found: %C 46.62, %H 3.91, %N 1.25. 
 
Procedure of the synthesis of gold complex 9 
Complex 6 (148.6 mg, 0.20 mmol) was dissolved in CH2Cl2 (1 mL) and AgOTf (51.4 
mg, 0.20 mmol) was added. The reaction mixture was stirred for 30 min in the 
absence of light to give a colorless solution and a white precipitate. The mixture was 
filtered through 2 Teflon filters, evaporated, recrystallized from CH2Cl2/Et2O at 5 ºC 
to give a colorless solid 9, which was collected, washed with pentane and vacuum 
dried. Yield: 155.9 mg, 91%.  
 (2-(Dimesitylboryl)phenyl)diphenylphosphinegold(I) triflate, 9 
 
 
 
1H NMR (400 Hz, CDCl3) δ 7.45 – 7.18 (m, 14H),  6.77 (bs, 4H), 2.18 (bs, 18H). 31P 
{1H} NMR (162 Hz, CDCl3) δ 34.39 (s). 13C NMR (100 Hz, CDCl3) δ 157.2 (d, J  
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(13C – 31P) = 19 Hz, C), 140.3 (bs, C), 135.3 (d, J (13C – 31P) = 6.0 Hz, CH), 135.9 
(d, J (13C – 31P) = 6.0 Hz, CH), 134.3 (d, J (13C – 31P) = 10.0 Hz, CH), 132.9 (s, C), 
132.4 (s, C), 131.5 (d, J (13C – 31P) = 2.0 Hz, CH), 131.2 (bs, CH), 129.9 (d, J (13C – 
31P)  = 7.0 Hz, CH), 129.4 (d, J (13C – 31P) = 7.0 Hz, CH), 128.8 (d, J (13C – 31P) 
= 9.0 Hz, CH), 21.4 (s, CH3). MALDI: m/z for [C37H36AuBF3O3PS] found 707.2 [M–
OTf]+, 761.2 [M–OTf](NaOMe)+. X-Ray quality crystals were obtained by slow 
diffusion of diethyl ether into a solution of the complex in CH2Cl2 at 5 ºC. Anal. 
Calc. for [C37H36AuBF3O3PS]: %C 51.89, %H 4.24; found: %C 52.65, %H 4.49. 
 
General procedure of the synthesis of hexagold clusters 11 and 12: 
In a glove box, complex 6 (104.0 mg, 0.14 mmol) or 7 (84.9 mg, 0.14 mmol) was 
dissolved in CH2Cl2 (1 mL) and AgSbF6 (50.0 mg, 0.14 mmol) was added. The 
reaction mixture was stirred for 30 min in the absence of light to give an intense dark 
green solution and a white precipitate. The mixture was filtered through 2 Teflon 
filters, the dark green filtrate was collected, passed through a layer of silica (2 cm, 
twice), evaporated, recrystallized (several times) from CH2Cl2/hexane at 5 ºC. Yield 
of 11: 28.3 mg (45%) from 6, 20.8 mg (33%) from 7. Hexagold cluster 12 as a [BF4]–
salt was obtained by the reaction between 6 and AgBF4 following the above described 
procedure. Yield of 12: 21.3 mg (38%).  
 
Hexanuclear Gold(I) Cluster (Phenyl substituents on phosphorous atom), 11 
 
 
 
1H NMR (500 Hz, CD2Cl2) δ 7.87 (dd, J (1H – 1H) = 6.5, 8.0 Hz, 4H), 7.69 – 7.64 (m, 
12H), 7.61 – 7.57 (m, 8H), 7.49 – 7.44 (m, 12H), 7.39 – 7.34 (m, 16H), 6.43 (d, J(1H 
– 1H)  = 8.0 Hz, 4H). 31P {1H} NMR (203 Hz, CD2Cl2) δ 44.57 (s). 13C NMR (126 
Hz, CD2Cl2) δ 150.3 (s, C), 149.7 (s, C), 148.6 (s, CH), 148.4 (s, CH), 135.3 – 135.1 
(m, CH),  134.4 – 134.2 (m, CH), 133.8 – 133.6 (m, CH), 133.3 (s, CH), 131.7 (s, 
CH), 131.2 (s, C), 130.7 (s, C), 130.6 – 130.4 (m, CH), 130.4 – 130.2 (m, CH), 128.5 
(s, C),128.1 (s, C), 100.3 (s, C). MALDI: m/z for [C72H56Au6F12P4Sb2] found 2463.2 
(SbF6  )2
L Au
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[M–SbF6]+, 2226.3 [M–2SbF6]2+. X-Ray quality crystals were obtained by slow 
diffusion of diethyl ether into a solution of the complex in CH2Cl2 at 5 ºC. Anal. 
Calc. for [C72H56Au6F12P4Sb2]: %C 32.05, %H 2.09; found: %C 32.10, %H 2.16. 
Hexagold cluster 12 has identical 1H NMR, 31P {1H} NMR, 13C NMR spectra as the 
[SbF6]– salt 11. X-Ray quality crystals were obtained by slow diffusion of diethyl 
ether into a solution of the complex in CH2Cl2 at 5 ºC. 
 
Synthesis of 2-trimethylsilyl phosphines 12, 13, 14, Gold(I) 
Complexes 15 – 17 and Hexanuclear Gold (I) Clusters 18 and 19 
 
Diphenyl(2-trimethylsilylphenyl)phosphine, 12 
 
 
 
(2-Bromophenyl)diphenylphosphine (3.41g, 9.99mmol) was dissolved in degassed 
Et2O (30 mL) under argon atmosphere. The reaction flask was cooled to 0 °C and a 
solution of nBuLi in hexane (1.6 M, 10.1 mmol) was added dropwise. When the 
addition was complete, the reaction mixture was stirred at room temperature for 2 
hours, then chlorotrimethylsilane (1.40 mL, 11.1 mmol) was added at 0 °C. The 
resulting mixture was gradually warmed to ambient temperature for 3 h and quenched 
by a saturated aqueous solution of NH4Cl (30 mL). The mixture was extracted with 
Et2O (30 mL × 3). The combined organic layers were dried over magnesium sulfate, 
filtered and evaporated under reduced pressure. The solution was concentrated in 
vacuo, and the residue was subjected to column chromatography on silica gel with 
hexane to give 12 as a white solid; 80% yield. The data of 1H, 13C, 31P {1H} NMR 
spectra, were consistent with those reported in the literature.86 
 
Dicyclohexyl(2-trimethylsilylphenyl)phosphine, 13 
 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
86.  Kawachi, A.; Yoshioka, T.; Yamamoto, Y. Organometallics 2006, 25, 2390–2393. 
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 (2-bromophenyl)dicyclohexylphosphine was dissolved in degassed Et2O (30 mL) 
under argon atmosphere. The reaction flask was cooled to 0 °C and a solution of 
nBuLi in hexane (1.6 M, 10.1 mmol) was added dropwise. When the addition was 
complete, the reaction mixture was stirred at room temperature for 2 hours, then 
chlorotrimethylsilane (1.40 mL, 11.1 mmol) was added at 0°C. The resulting mixture 
was gradually warmed to ambient temperature for 3 h and quenched with a saturated 
aqueous solution of NH4Cl (30 mL). The mixture was extracted with Et2O (30 mL × 
3). The combined organic layers were dried over magnesium sulfate, filtered and 
evaporated under reduced pressure. The solution was concentrated in vacuo, and the 
residue was subjected to column chromatography on silica gel with hexane to give 13 
as a white solid; 85% yield.  
1H NMR (500 Hz, CDCl3) δ  7.56 – 7.54 (m, 2H), 7.35 – 7.28 (m, 2H), 1.96 – 1.94 
(m, 2H), 1.87 – 1.75 (m, 4H), 1.66 – 1.62 (m, 4H), 1.41 – 1.37 (m, 2H), 1.30 – 1.21 
(m, 10H), 0.40, 0.39 (s, 9H). 31P {1H} NMR (203 Hz, CDCl3) δ –2.99 (s). 13C NMR 
(126 Hz, CDCl3) δ 149.7 (s, C), 148.9 (s, C), 134.7 (s, CH), 134.5 (s, CH), 132.8 (s, 
CH),  128.4 (s, CH), 128.1 (s, CH), 31.5 (s, CH2), 31.3 (s, CH2), 30.5 (s, CH2), 30.4 
(s, CH2), 27.7 (s, CH2), 27.5 (s, CH2), 27.4 (s, CH2), 27.1 (s, CH2), 26.6 (s, CH2), 2.4 
(s, CH3), 2.3 (s, CH3). HRMS (MALDI, dctb): calculated for m/z for [C21H36PSi]+, 
[M+H]+: 347.2318; found: 347.2309. 
 
[Di(2-furyl)](2-trimethylsilylphenyl)phosphine, 14 
 
 
 
(2-Bromophenyl)di(2-furyl)phosphine (3.21 g, 9.99 mmol) was dissolved in degassed 
THF (30 mL) under argon atmosphere. The reaction flask was cooled to –45 °C and a 
solution of nBuLi in hexane (1.6 M, 10.1 mmol) was added dropwise slowly. When 
the addition was complete, the reaction mixture was stirred at room temperature for 5 
hours, then chlorotrimethylsilane (1.40 mL, 11.1 mmol) was added at –45 °C. The 
resulting mixture was gradually warmed to ambient temperature for 8 h and quenched 
by a saturated aqueous solution of NH4Cl (30 mL). The mixture was extracted with 
Et2O (30 mL × 3). The combined organic layers were dried over magnesium sulfate, 
filtered and evaporated under reduced pressure. The solution was concentrated in 
vacuo, and the residue was subjected to column chromatography on silica gel with 
hexane to give 14 as a white solid; 60% yield. 
1H NMR (500 Hz, CDCl3) δ  7.83 – 7.79 (m, 1H), 7.64 – 7.63 (m, 2H), 7.59 – 7.56 
(m, 1H), 7.37 – 7.34 (m, 2H), 6.57 – 6.56 (m, 2H), 6.40 – 6.38 (m, 2H), 0.42 (s, 9H). 
31P {1H} NMR (203 Hz, CDCl3) δ - 50.6 (s). 13C NMR (126 Hz, CDCl3) 147.4 (s, 
P(2-Fur)2
SiMe3
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CH), 135.5 (s, CH), 134.8 (s, CH),  134.6 (s, CH), 129.1 (s, CH), 129.0 (s, CH), 120.6 
(s, CH), 120.4 (s, CH), 110.8 (s, CH), 110.7 (s, CH), 1.5 (s, CH3), 1.4 (s, CH3). 
HRMS (MALDI, dctb): calculated for m/z for [C17H20O2PSi]+, [M+H]+: 315.0965; 
found: 315.0950. 
 
Procedure for the synthesis of complexes 15 – 17 
Au(SMe2)Cl (47.1 mg, 0.16 mmol) was dissolved in CH2Cl2 ortho-silylphoshpine 
ligand (56.8 mg, 0.17 mmol for 15, 58.9 mg, 0.17 mmol for 16, 53.4 mg, 0.17 mmol 
for 17) was added. The reaction mixture was stirred for 1 h in the absence of light to 
give a nearly transparent colorless solution. The reaction mixture was passed through 
a layer of silica (2 cm) and evaporated. Recrystallization from CH2Cl2/hexane mixture 
at 23 ºC gave a crystalline colorless solid, which was collected, washed with pentane 
and vacuum dried. Yield: 86.2 mg (95%) for 15, 87.1 mg (94%) for 16, 83.1 mg 
(95%) for 17. 
 
Diphenyl(2-(trimethylsilyl)phenyl)phosphinegold(I) chloride, 15 
 
 
 
1H NMR (500 Hz, CD2Cl2) δ  7.89 – 7.86 (m, 1H), 7.58 – 7.45 (m, 11H), 7.32 – 7.27 
(m, 1H), 6.90 – 6.85 (m, 1H), 0.37 (s, 9H). 31P {1H} NMR (203 Hz, CD2Cl2) δ 35.15 
 (s). 13C NMR (126 Hz, CD2Cl2) δ 147.0 (s, C), 146.8 (s, C), 137.9 (s, CH), 137.8 (s, 
CH), 135.2 (s, CH),  135.1 (s, CH), 134.8 (s, CH), 134.7 (s, CH), 134.6 (s, CH), 129.8 
(s, CH), 129.7 (s, CH), 129.6 (s, CH), 129.5 (s, CH), 3.5 (s, CH3). HRMS (MALDI, 
dctb): calculated for m/z for [C21H23AuPSiClNa]+, [M+Na]+: 589.0553; found: 
589.0548. X-Ray quality crystals were obtained by slow diffusion of diethyl ether 
into a solution of the complex in CH2Cl2. 
 
Dicyclohexyl(2-(trimethylsilyl)phenyl)phosphinegold(I) chloride, 16 
 
 
 
1H NMR (500 Hz, CD2Cl2) δ  7.81 – 7.78 (m, 1H), 7.60 – 7.55 (m, 1H), 7.49 – 7.46 
(m, 2H), 2.32 – 2.23 (m, 2H), 2.14 – 2.09 (m, 2H), 1.88 – 1.83 (m, 2H), 1.75 – 1.61 
Ph2
P
SiMe3
Au Cl
Cy2
P
SiMe3
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(m, 6H), 1.41 – 1.21 (m, 10H), 0.68 (s, 9H). 31P {1H} NMR (203 Hz, CD2Cl2) δ 
47.10 (s). 13C NMR (126 Hz, CD2Cl2) δ 147.8 (s, C), 147.6 (s, C), 137.6 (s, CH), 
137.4 (s, CH), 130.7 (s, CH),  130.6 (s, CH), 129.4 (s, CH), 38.9 (s, CH), 38.6 (s, 
CH), 31.7 (s, CH2), 30.5 (s, CH2), 27.4 – 26.9 (m, CH2), 26.3 (s, CH2), 4.8 (s, CH3). 
HRMS (MALDI, dctb): calculated for m/z for [C21H35PSiAuClNa]+, [M+Na]+: 
601.1492; found: 601.1486. 
 
[Di(2-furyl)](2-(trimethylsilyl)phenyl)phosphinegold(I) chloride, 17 
 
 
 
1H NMR (500 Hz, CD2Cl2) δ  7.84 – 7.82 (m, 3H), 7.55 – 7.50 (m, 1H), 7.41 – 7.36 
(m, 1H), 7.16 – 7.10 (m, 1H), 6.98 – 6.96 (m, 2H), 6.62 – 6.60 (m, 2H), 0.41(s, 9H). 
31P {1H} NMR (203 Hz, CD2Cl2) δ - 4.76 (s). 13C NMR (126 Hz, CD2Cl2) δ 150.5 (s, 
CH), 150.4 (s, CH), 146.1 (s, C), 145.8 (s, C), 143.8 (s, C), 142.9 (s, C), 137.9 (s, CH), 
137.7 (s, CH),  134.0 (s, CH), 133.9 (s, CH), 126.2 (s, CH), 125.8 (s, CH), 112.5 (s, 
CH), 112.3 (s, CH), 2.9 (s, CH3). HRMS (MALDI, dctb): calculated for m/z for 
[C21H36PSi]+, [M+H]+: 347.2318; found: 347.2309. 
 
Procedure for the synthesis of clusters 11, 18, 19 
 
In a glove box, complex 15 (79.4 mg, 0.14 mmol) or 16 (81.1 mg, 0.14 mmol) or 17 
(76.6 mg, 0.14 mmol) was dissolved in CH2Cl2 (1 mL) and AgSbF6 (50.0 mg, 0.14 
mmol) was added. The reaction mixture was stirred for 30 min in the absence of light 
to give an intense dark green solution and a white precipitate. The mixture was 
filtered through 2 Teflon filters, the dark green filtrate was collected, passed through a 
layer of silica (2 cm, twice), evaporated, recrystallized (several times) from 
CH2Cl2/hexane at 5 ºC. Yield of 11 40.9 mg (65%), yield of 18 32.1 mg (50%), yield 
of 19 33.6 mg (55%). 
  
(2-Fur)2
P
SiMe3
Au Cl
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Hexanuclear Gold(I) Cluster (Cyclohexyl substituents on phosphorous atom), 18 
 
 
 
1H NMR (500 Hz, CD2Cl2) δ 7.88 – 7.84 (m, 1H), 7.77 – 7.76 (m, 1H), 7.66 – 7.64 
(m, 2H), 2.61 – 2.51 (m, 2H), 1.97 – 1.71 (m, 9H), 1.49 – 1.06 (m, 11H). 31P {1H} 
NMR (203 Hz, CD2Cl2) δ 71.76 (s). 13C NMR (126 Hz, CD2Cl2,) δ 148.3 (s, CH), 
148.0 (s, CH), 134.6 (s, CH), 134.0 (s, CH), 131.6 (s, CH), 37.6 (s, CH), 37.4 (s, CH), 
34.6 (s, CH), 34.4 (s, CH), 33.4 (s, CH), 31.5 (s, CH), 30.3 (s, CH2), 28.8 (s, CH2), 
27.6 – 26.1 (m, CH2), HRMS (MALDI, dctb): calculated for m/z for 
[C72H104Au6F6P4Sb]+, [M – SbF6]+:  2509.4018; found 2509.4024. X-Ray quality 
crystals were obtained by slow diffusion of diethyl ether into a solution of the 
complex in CH2Cl2. 
 
Hexanuclear Gold(I) Cluster (2-Furyl substituents on phosphorous atom), 19 
 
 
 
1H NMR (500 Hz, CD2Cl2) δ 8.07 – 8.03 (m, 1H), 7.96 – 7.94 (m, 1H), 7.66 – 7.61 
(m, 2H), 7.49 – 7.47 (m, 1H), 7.21 – 7.19 (m, 1H), 7.02 – 7.01 (m, 1H), 6.83 – 6.81 
(m, 1H), 6.73 – 6.71 (m, 1H). 31P {1H} NMR (203 Hz, CD2Cl2) δ 3.15 (s). 13C NMR 
(126 Hz, CD2Cl2) δ 152.0 (s, CH), 151.7 (s, CH), 150.2 (s, C), 149.6 (s, C), 149.2 (s, 
C), 143.1 (s, C), 142.4 (s, C), 141.6 (s, C), 140.8 (s, C), 136.3 (s, CH), 135.4 (s, CH), 
132.7 (s, CH), 126.4 – 126.0 (m, CH), 113.0 – 112.7 (m, CH). HRMS (MALDI, 
dctb): calculated for m/z for [C56H40Au6O8F6P4Sb]+, [M–SbF6]+:  2380.8604; found 
(SbF6  )2
L Au
Au
Au
Au
Au
Au
L L
L
2+
L = PCy2
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2380.8493. X-Ray quality crystals were obtained by slow diffusion of diethyl ether 
into a solution of the complex in CH2Cl2. 
Study of reactivity of clusters 11, 18, 19 and triflimide complex 8 
 
General Procedure for the cyclization of 1,6-enynes (C and D)  
 
 
 
 
 
The catalyst was added to a solution of the 1,6-enyne in 1,2-dichloroethane (0.1-0.05 
M), the catalyst was added. The reaction was stirred at 23 ºC until TLC showed total 
conversion. Then, the mixture was filtered through Celite, the solvent was evaporated, 
and the residue was purified by preparative TLC to give the cyclized product (SiO2, 
EtOAc/cyclohexane). 
 
Entry Substrate Catalyst (mol%) Time, h Yield, % Products, 
ratio 
1 C 11 (2.5) 0.3 85 1(C1):1.6(C2) 
2 C 8 (2.0) 0.08 80 1(C1):1.6(C2) 
3 D 11(2.5) 12 90 1.5(D1):1(D2) 
4 C 18 (2.5) 2.5 82 1(C1):1.5(C2) 
5 C 19 (2.5) 3.0 83 1(C1):1.7(C2) 
 
 
 
 
X mol% cat, CH2Cl2, 23 ºC
MeO2C
MeO2C
MeO2C
MeO2C
MeO2C
MeO2C
C1 C2C
+
X mol% cat, CH2Cl2, 23 ºC
MeO2C
MeO2C
D
MeO2C
CO2Me
H
+
MeO2C
CO2Me
D1 D2
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Addition of indole to 1,6-enyne E 
 
 
 
To a solution of N-cinnamyl-4-methyl-N-(prop-2-yn-1-yl)benzenesulfonamide (E) 
(48.8 mg, 0.15 mmol) and indole (18.7 mg, 0.16 mmol 1.1 equiv.) in 1,2-
dichloroethane (2 mL) the catalyst 11 (10 mg, 0.0037 mmol, 2.5 mol%) was added. 
The reaction was stirred at 75 ºC for 17 h, then it was filtered through Celite, the 
solvent was evaporated and the residue was purified by preparative TLC to give the 
cyclized product E1 (42.5 mg, 64%) (SiO2, EtOAc/cyclohexane). 
 
Oxidative cyclization of alkynyl oxirane F 
 
 
 
To a solution of alkynyl epoxide F (11.4 mg, 0.093 mmol) in CH3CN (1 mL), 
pyridine oxide (18.1 mg, 0.19 mmol), and catalyst 11 (10 mg, 0.0037 mmol, 4 mol%) 
were added and the solution (0.1-0.05 M) was heated to 80 ºC for 10 h. The mixture 
was filtered through a silica pad, which was rinsed with CH2Cl2 (2 times). The solvent 
was evaporated and lactone F1 (7.3 mg, 57%) was isolated by chromatography (SiO2, 
EtOAc/cyclohexane). 
 
Cyclosiomerization of 7-alkynyl cycloheptatriene G 
 
 
 
TsN
Ph
2.5 mol% 11, CH2Cl2, 23 ºC+ 1.1 equiv. indole TsN
H
NH
Ph
E E1
O 4 mol% 11, 2 equiv. pyridine oxide
O
O
MeCN, 80 ºC
F F1
5 mol% cat, toluene, 23 ºC
G1
G
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To a solution of 7-alkynyl cycloheptatriene G in toluene (0.1-0.05 M), the catalyst 
was added. The reaction was stirred at 23 ºC until TLC showed total conversion, then 
it was filtered through Celite, the solvent was evaporated and the residue was purified 
by preparative TLC to give exclusively 2-substituted indene G1 (SiO2, 
EtOAc/cyclohexane). 
 
Entry Substrate Catalyst (5 mol%) Temperature, ºC Time, h Yield, % 
1 G 11 23 1 72 
2 G 8 0 0.25 66 
 
Procedure for hydration of phenylacetylene H 
 
 
 
To a solution of phenylacetylene in MeOH (1 M), 4 equivalents of water and the 
catalyst were added and the mixture was stirred at 23 ºC until TLC showed total 
conversion. The mixture was diluted with CH2Cl2 and washed with water. The 
aqueous phase was extracted with CH2Cl2 and the combined organic phases were 
washed with brine, dried over MgSO4, filtered and evaporated to yield acetophenone, 
H1. 
 
Entry Substrate Catalyst (1 mol%) Time, h Yield, % 
1 H 11  18 87 
2 H 8  16 90 
 
Procedure for [4+2] cycloaddition of 1,6-enyne I 
 
 
Ph Ph
O1 mol% cat, 4 equiv. H2O
H1H
MeOH,  23 ºC
MeO2C
MeO2C
MeO2C
MeO2C2 mol% cat, CH2Cl2, 23 ºC
I1I
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To a solution of 1,6-enyne I in CH2Cl2 (0.1-0.05 M) the catalyst was added. The 
reaction was stirred at 23 ºC until TLC showed total conversion, then it was filtered 
through Celite, the solvent was evaporated and the residue was purified by preparative 
TLC to give I1 (SiO2, EtOAc/cyclohexane). 
 
Entry Substrate Catalyst (2 mol%) Time, h Yield, % 
1 I 11  12 73 
2 I 7c  0.75 71 
3 I [JohnPhosAu(NCMe)]SbF6 1.5 77 
4 I 18 No reaction after 
24 h 
5 I 19 24 68 
 
Dimethyl 8-Methyl-4,4-dimethyl-3a,4-dihydro-1H-cyclopenta[b]naphthalene-
2,2(3H)-dicarboxylate, I1 
 
 
 
1H NMR (400 MHz, CDCl3) δ 7.17 (d, J = 6.1, 1H), 7.08 (dd, J = 6.1, 6.0 Hz, 1H), 
7.00 (d, J = 6.1 Hz, 1H), 6.58 (bs, 1H), 3.79 (s, 3H), 3.74 (s, 3H), 3.34 (d, J = 12.8 
Hz, 1H), 3.03 (dt, J = 14.4, 2.4 Hz, 1H), 2.72-2.67 (m, 1H), 2.62 (dd, J = 11.0, 9.8 Hz, 
1H), 2.34 (s, 3H), 2.16 (t J = 9.7 Hz, 1H), 1.42 (s, 3H), 0.93 (s, 3H); 13C NMR (100 
MHz, CDCl3) δ 172.3, 172.1, 144.3, 143.1, 133.2, 132.3, 128.3, 126.6, 121.4, 116.2, 
59.1, 53.0, 47.9, 39.8, 37.0, 35.0, 26.1, 21.8, 19.8; MALDI: m/z = 351.1 [M+Na]+, 
calc. for C20H24O4 = 328.17. 
 
 
 
 
MeO2C
MeO2C
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Synthesis of chiral ortho-boronatephosphines 20, 21 and Gold(I) 
Complexes 22 – 24  
 
Procedure for the synthesis of chiral ortho-boronatephosphines 20, 21 
 
Trimethyl borate (6 equiv.) was added to a solution of o-lithiated triphenylphosphine 
in THF at - 78 ºC. The mixture was stirred from -78 ºC to 23 ºC overnight, then the 
solution was filtrated off via cannula and the lithium salts washed twice with Et2O. 
After removing Et2O under vacuum the residue obtained was dissolved in toluene and 
added via cannula to a solution of (2R, 3R)-(-)-2,3-butanediol (6 equiv.) or (S,S)-(+)-
hydrobenzoin (6 equiv.) in toluene. The mixture was stirred at 100 ºC for 5 h for ((2R, 
3R)-(-)-2,3-butanediol) and for 8 h for ((S,S)-(+)-hydrobenzoin), thereafter was 
cooled to 23 ºC. Finally toluene was removed under vacuum; the desired product was 
further purified by preparative TLC (1:0.1 cyclohexane:EtOAc) in case of (2R, 3R)-(-
)-2,3-butanediol) and 20:1 cyclohexane:EtOAc for (S,S)-(+)-hydrobenzoin). Product 
was obtained as a colourless oil for (2R, 3R)-(-)-2,3-butanediol (48%) and a white 
crystalline solid for (S,S)-(+)-hydrobenzoin (37%). 
 
(2-((4R,5R)-4,5-dimethyl-1,3,2-dioxaborolan-2-yl)phenyl)diphenylphosphine, 20 
 
 
 
1H NMR (500 Hz, CDCl3) δ  7.73 – 7.70 (m, 1H), 7.27 – 7.13 (m, 12H), 6.75 – 6.71 
(m, 1H), 3.84 – 3.78 (m, 2H), 1.01 (s, 3H), 0.99 (s, 3H). 31P {1H} NMR (203 Hz, 
CDCl3) δ - 0.27 (s). 11B {1H} NMR (160 Hz, CDCl3) δ  29.02 (s). MALDI, (dctb): 
calculated for m/z for [C22H22BO2PH]+, [M+ H]+: 361.15; found: 361.14. 
 
 (2-((4R,5R)-4,5-diphenyl-1,3,2-dioxaborolan-2-yl)phenyl)diphenylphosphine, 21 
 
 
 
PPh2
B
O
O
PPh2
B
O
O
Ph
Ph
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1H NMR (500 Hz, CDCl3) δ  8.18 – 8.15 (m, 1H), 7.48 – 7.37 (m, 18H), 7.19 – 7.17 
(m, 4H), 7.06 – 7.03 (m, 1H), 5.26 (s, 2H). 31P {1H} NMR (203 Hz, CDCl3) δ - 
0.74 (s). 11B {1H} NMR (160 Hz, CDCl3) δ  32.29 (s). MALDI, (dctb): calculated for 
m/z for [C32H26BO2P]+, [M+H]+: 485.18; found: 485.19. 
 
Procedure for the synthesis of chiral ortho-boronatephosphines gold(I) complexes 22 
– 24 
 
Au(tht)Cl (50.0 mg, 0.16 mmol) was dissolved in CH2Cl2 chiral ortho-
boronatephoshpine ligand 20 (61.2 mg, 0.17 mmol) or 21 (82.3 mg, 0.17 mmol), or 
(2-((4R,5R)-4,5-dimethyl-1,3-dioxolan-2-yl)phenyl)diphenylphosphine (61.6, 0.17 
mmol) was added. The reaction mixture was stirred for 1 h in the absence of light to 
give a nearly transparent colorless solution. The reaction mixture was passed through 
a layer of silica (2 cm) and evaporated. Recrystallization from CH2Cl2/hexane mixture 
at 23 ºC gave a crystalline colorless solid, which was collected, washed with pentane 
and vacuum dried. Yield: 86.3 mg (90%) for 22, 100.9 mg (88%) for 23, 80.9 mg 
(85%) for 24. 
 
 (2-((4S,5S)-4,5-dimethyl-1,3,2-dioxaborolan-2-yl)phenyl)diphenylphosphine 
gold(I) chloride, 22 
 
 
 
1H NMR (500 Hz, CDCl3) δ  7.93 – 7.90 (m, 1H), 7.60 – 7.35 (m, 12H), 6.91 – 6.87 
(m, 1H), 4.06 – 4.00 (m, 2H), 1.21 (s, 3H), 1.20 (s, 3H) 31P {1H} NMR (203 Hz, 
CDCl3) δ 37.7  (s). 11B {1H} NMR (160 Hz, CDCl3) δ  30.74 (s). MALDI, (dctb): 
calculated for m/z for [C22H22AuPBO2ClNa]+, [M+Na]+: 615.07; found: 615.07. X-
Ray quality crystals were obtained by slow diffusion of diethyl ether into a solution 
of the complex in CH2Cl2. 
 
 
 
PPh2
B
O
O
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(2-((4R,5R)-4,5-diphenyl-1,3,2-dioxaborolan-2-yl)phenyl)diphenylphosphine 
gold(I) chloride, 23 
 
 
 
1H NMR (500 Hz, CDCl3) δ  8.16 – 8.13 (m, 1H), 7.60 – 7.39 (m, 12H), 7.31 – 7.29 
(m, 6H), 7.10 – 7.08 (m, 4H), 6.98 – 6.93 (m, 1H), 5.24 (s, 2H). 31P {1H} NMR (203 
Hz, CDCl3) δ 38.34  (s). 11B {1H} NMR (160 Hz, CDCl3) δ  31.41 (s). MALDI, 
(dctb): calculated for m/z for [C32H26AuPBO2ClNa]+, [M+Na]+: 739.10; found: 
739.10. 
 
 (2-((4R,5R)-4,5-dimethyl-1,3-dioxolan-2-yl)phenyl)diphenylphosphinegold(I) 
chloride, 24 
 
 
 
1H NMR (500 Hz, CDCl3) δ  7.81 – 7.78 (m, 1H), 7.50 – 7.33 (m, 11H), 7.24 – 7.19 
(m, 1H), 6.81 – 6.76 (m, 1H), 6.68 (br. s, 1H), 3.60 – 3.55 (m, 1H), 3.45 – 3.38 (m, 
1H), 1.05 (s, 3H), 0.99 (s, 3H). 31P {1H} NMR (203 Hz, CDCl3) δ 28.96  (s). 
MALDI, (dctb): calculated for m/z for [C23H23AuPO2ClNa]+, [M+Na]+: 617.07; 
found: 617.06. X-Ray quality crystals were obtained by slow diffusion of diethyl 
ether into a solution of the complex in CH2Cl2. 
 
Procedure for [4+2] cycloaddition of 1,6-enyne I with chiral catalyst 22, 23, 24 
 
In a typical experiment, chiral gold(I) complex 22 – 24 (2 mol%) and AgNTf2/ 
AgOBz/AgSbF6 (in the presence of acetonitrile)(2 mol%)/GaCl3 were weighed in a 
glove box. CH2Cl2 (0.008 M) was added and the resulting solution was stirred for 15 
min at room temperature. The obtained catalyst solution was cooled to the indicated 
temperature followed by dropwise addition of a solution of the enyne I (1.0 equiv) in 
PPh2
B
O
O
Ph
Ph
AuCl
PPh2
H
C
O
O
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CH2Cl2 (0.2 M). After complete addition, stirring was continued at the indicated 
temperature until the starting material was consumed. After quenching with a solution 
of NEt3 in hexane (0.1 M, 1 mL), the solids were removed by filtration over silica. 
Enantiomeric excess was determined by chiral HPLC. 
 
 
  
MeO2C
MeO2C
MeO2C
MeO2C2 mol% cat, CH2Cl2, 0º or 23 ºC
I1I
H
2 mol% Cl scavenger
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Photophysical properties of hexagold clusters 11, 18, 19 
 
The hexanuclear gold(I) complexes show room-temperature luminescent both in a 
CH2Cl2 solution and in a solid state under excitation at 355 nm. The UV-Vis spectrum 
measured in CH2Cl2 displays intense absorption ranging from ca. 220 to 300 nm that 
can be assigned to an IL (π → π*) transition localized at the phosphine ligand and less 
intensive band with the maximum at ca. 300–370 nm, that is likely a combination of 
the metal-centered 5d → 6s/6p transition due to the Au–Au interactions in the Au6 core 
and the LM charge transfer transition (Table 1). 
Table 1. The absorption spectrum data  
 
Cluster λ , nm ε , 10-5mol-1lcm-1 
11 239 0.4 
 320 0.1 
 364 0.06 
18 237 1.1 
 259 0.8 
 299 0.4 
19 237 0.6 
 274 0.4 
 318 0.2 
 363 0.03 
 
Clusters 11, 18, 19 show emission at room temperature in a degassed CH2Cl2 solution 
with the maximum between 440–460 nm, the origin for this band can be proposed as 
an intraligand (IL) or/and metal-to-ligand transition (Table 2). In the solid state the 
gold clusters display a more intense emission, which is substantially redshifted with 
the maximum at ca. 525–550 nm, the origin for this band can be proposed as 
transitions in the Au6 core. 
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Table 2. Emission in the solid state and CH2Cl2 solution at room temperature 
 
Cluster Solid state: λmax, nm Solution: λmax, nm 
11 550 460 
18 539 450 
19 526 438 
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Kinetic study. General procedure 
 
Order in catalyst of 1,6-enyne cycloisomerization (C to C1)  
 
At 10 ºC to a solution of 1,6-enyne C in CD2Cl2 with 1 equivalent of internal standard 
(triphenylmethane) in NMR tube (0.4 mL, 0.01 M) x mol% of cluster was added, 
reaction was monitored by 1H NMR every 37 seconds till 20% conversion (C to C1) 
was observed. 
 
Cluster 11: 
 
 
 
Graph 1. Method of initial rates for cluster 11 
Initial rate, mole•L-1•sec-1 mol%, cat 
0.197•10-4 0.5 
0.402•10-4 1 
0.481•10-4 2 
0.576•10-4 2.5 
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Cluster 19: 
 
 
 
Graph 1. Method of initial rates for cluster 19 
Initial rate, mole•L-1•sec-1 mol%, cat 
0.615•10-5 0.5 
1.17•10-5 1 
1.98•10-5 2 
2.29•10-5 2.5 
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Determination of the activation parameters of 1,6-enyne cycloisomerization (C to 
C1) catalyzed by clusters 11, 18 and 19 
 
Activation parameters were calculated by Eyring equation, using dependence of rate 
constant on temperature. With identical in substrate and catalyst concentration, the 
1,6-enyne cycloisomerization (C to C1) were monitored by 1H NMR in the presence 
of 1 equiv. of triphenylmethane (internal standard) at the indicated temperatures. 
 
Eyring equation: 
 
ln (kexp/T) = ln(k/h)-(ΔΗ‡/RT)+( (ΔS‡/R) 
 
Cluster 11 
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T, K k, s-1 ΔΗ
‡, 
kcal·mol-1 
ΔS‡, cal·mol-1K-1 ΔG298
‡, 
kcal·mol-1 
268 3.87·10-4, r = 0.99 
20.29 1.79 19.76 
278 18.30·10-4, r = 0.99 
283 22.57·10-4, r = 0.99 
288 75.78·10-4, r = 0.99 
293 100.68·10-4, r = 0.99 
298 203.60·10-4, r = 0.99 
 
Cluster 18 
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T, K k, s-1 ΔΗ
‡, 
kcal·mol-1 
ΔS‡, cal·mol-1K-1 ΔG298
‡, 
kcal·mol-1 
283 3.95·10-4, r = 0.99 
15.33 -19.92 21.26 
293 8.80·10-4, r = 0.99 
298 16.46·10-4, r = 0.99 
308 38.15·10-4, r = 0.99 
 
Cluster 19 
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T, K k, s-1 ΔΗ‡, 
kcal·mol-1 
ΔS‡, cal·mol-1K-1 ΔG298‡, 
kcal·mol-1 
278 2.25·10-4, r = 0.99 
9.55 -40.79 21.7 
288 3.96·10-4, r = 0.99 
298 7.73·10-4, r = 0.99 
308 13.10·10-4, r = 0.99 
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Selected X-Ray Tables 
 
Complex 6, (2-(dimesitylboryl)phenyl)diphenylphosphinegold(I) chloride 
 
 
 
 
Table 1.  Crystal data and structure refinement for SESAuClBMes_B_0m 
 
Identification code  SESAuClBMes_B_0m 
Empirical formula  C36 H36 Au B Cl P 
Formula weight  742.84 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a =  17.5473(13) Å α=  90.00 °. 
 b =  9.3728(4) Å β = 105.338(2) °. 
 c =  18.9335(9) Å γ =  90.00 °. 
Volume 3003.0(3)  Å3 
Z 4 
Density (calculated) 1.643  Mg/m3 
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Absorption coefficient 5.066  mm-1 
F(000)  1472 
Crystal size  0.20 x 0.20 x 0.20 mm3 
Theta range for data collection 1.41  to 34.82 °. 
Index ranges -27 <=h<=22 ,-13 <=k<=11 ,-18 <=l<=30 
Reflections collected  25866 
Independent reflections 11336 [R(int) = 0.0412 ] 
Completeness to theta =34.82 °  87.0% 
Absorption correction  Empirical 
Max. and min. transmission  0.4307  and  0.4307 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  11336 / 0 / 367 
Goodness-of-fit on F2  1.052 
Final R indices [I>2sigma(I)]  R1 = 0.0413 , wR2 = 0.1020 
R indices (all data)  R1 = 0.0513 , wR2 = 0.1066 
Largest diff. peak and hole  2.722  and -5.539  e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for  SESAuClBMes_B_0m.  
 
Au1-P1     2.2325(9) 
Au1-Cl1    2.2911(8) 
P1-Au1-Cl1   172.87(3) 
C28-B1-C19              121.4(3) 
C28-B1-C6              120.6(3) 
C19-B1-C6   117.6(3) 
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Complex 7, (2-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)phenyl)diphenylphosphine 
gold(I) chloride 
 
 
 
 
Table 1.  Crystal data and structure refinement for mo_SESAuBMeCl 
 
Identification code  mo_SESAuBMeCl 
Empirical formula  C23.50 H25 Au B Cl2 O2 P  
Formula weight  649.08  
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c   
Unit cell dimensions a =  16.8598(8) Å α=  90.00 °. 
 b =  10.1494(5) Å       β = 103.6230(10) °. 
 c =  14.6073(7) Å γ =  90.00 °. 
Volume 2429.2(2)  Å3 
Z 4  
Density (calculated) 1.775  Mg/m3 
Absorption coefficient 6.360  mm-1 
F(000)  1260  
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Crystal size  0.20 x 0.10 x 0.10 mm3 
Theta range for data collection 2.36  to 30.04 °. 
Index ranges -23 <=h<=23 ,-14 <=k<=14 ,-20 <=l<=19  
Reflections collected  84384  
Independent reflections 6715 [R(int) = 0.0407 ] 
Completeness to theta =30.04 ° 94.4%  
Absorption correction Empirical 
Max. and min. transmission 0.5688  and  0.3628  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6715 / 53 / 300  
Goodness-of-fit on F2 1.099  
Final R indices [I>2sigma(I)] R1 = 0.0208, wR2 = 0.0513  
R indices (all data) R1 = 0.0222, wR2 = 0.0519  
Largest diff. peak and hole    2.495  and -1.615  e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for  mo_SESAuBMeCl. 
 
Au1-P1     2.2376(6) 
Au1-Cl1                       2.2900(6) 
P1-Au1-Cl1                 179.16(2) 
O2-B1-O1                    123.2(2) 
O2-B1-C6                    118.9(2) 
O1-B1-C6                    117.8(2) 
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Complex 8, (2-(dimesitylboryl)phenyl)diphenylphosphinegold(I) triflimide 
 
 
 
 
Table 1.  Crystal data and structure refinement for mo_SESAuNTf2_0m 
 
Identification code  mo_SESAuNTf2_0m 
Empirical formula  C39 H38 Au B Cl2 F6 N O4 P S2  
Formula weight  1072.47  
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1    
Unit cell dimensions a =  11.3937(7) Å α=  84.956(4) °. 
 b =  12.0829(8) Å β = 89.365(4) °. 
 c =  16.8061(13) Å γ =  65.315(3) °. 
Volume 2093.3(2)  Å3 
Z 2  
Density (calculated) 1.702  Mg/m3 
Absorption coefficient 3.847  mm-1 
F(000)  1060  
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Crystal size  0.20 x 0.20 x 0.10 mm3 
Theta range for data collection 1.22  to 33.45 °. 
Index ranges -17 <=h<=16 ,-18 <=k<=17 ,-24 <=l<=26  
Reflections collected  29652  
Independent reflections 15671 [R(int) = 0.0366 ] 
Completeness to theta =33.45 °  95.7%  
Absorption correction  Empirical 
Max. and min. transmission  0.6996  and  0.5133  
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  15671 / 3 / 520  
Goodness-of-fit on F2  1.055  
Final R indices [I>2sigma(I)]  R1 = 0.0359 , wR2 = 0.0898  
R indices (all data)  R1 = 0.0444 , wR2 = 0.0990  
Largest diff. peak and hole  2.753  and -2.407  e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for  mo_SESAuNTf2_0m. 
 
Au1-N1  2.116(3) 
Au1-P1                           2.2241(8) 
N1-Au1-P1                     168.33(7) 
C30-B1-C20                   116.2(3) 
C20-B1-C21                   122.0(3) 
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Complex 9, (2-(dimesitylboryl)phenyl)diphenylphosphinegold(I) triflate 
 
 
 
 
 
 
Table 1.  Crystal data and structure refinement for mo_SES22_0m 
 
Identification code  mo_SES22_0m 
Empirical formula  C37 H36 Au B F3 O3 P S  
Formula weight  856.46  
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1    
Unit cell dimensions a =  10.1302(4) Å      α=  107.7750(10) °. 
 b =  11.9414(4) Å      β = 105.6410(10) °. 
 c =  15.6184(5) Å        γ =  95.2530(10) °. 
Volume 1701.10(10)  Å3 
Z 2  
Density (calculated) 1.672  Mg/m3 
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Absorption coefficient 4.485  mm-1 
F(000)  848  
Crystal size  0.30 x 0.25 x 0.20 mm3 
Theta range for data collection 1.44  to 30.44 °. 
Index ranges -14 <=h<=14 ,-16 <=k<=16 ,-19 <=l<=21  
Reflections collected  17924  
Independent reflections 8803 [R(int) = 0.0310 ] 
Completeness to theta =30.44 °  85.399994%  
Absorption correction  Empirical 
Max. and min. transmission  0.4674  and  0.3464  
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  8803 / 0 / 430  
Goodness-of-fit on F2  1.025  
Final R indices [I>2sigma(I)]  R1 = 0.0272 , wR2 = 0.0636  
R indices (all data)  R1 = 0.0303 , wR2 = 0.0649  
Largest diff. peak and hole  2.015  and -1.911  e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for  mo_SES22_0m. 
 
Au1-O1  2.108(2) 
Au1-P1                          2.2143(8) 
O1-Au1-P1                   173.03(6) 
C28-B1-C19                 123.6(3) 
C28-B1-C12 120.4(3) 
C19-B1-C12                  115.4(3) 
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Complex 10, Di[(2-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)phenyl)diphenyl-
phosphine]gold(I) chloride 
 
 
 
 
 
Table 1.  Crystal data and structure refinement for mo_SES23_P21c 
 
Identification code  mo_SES23_P21c 
Empirical formula  C48 H48 Au B2 F6 N O8 P2 S2  
Formula weight  1225.52  
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c   
Unit cell dimensions a =  19.1362(10) Å α=  90.00 °. 
 b =  16.7970(10) Å     β = 115.422(2) °. 
 c =  16.9004(10) Å γ =  90.00 °. 
Volume 4906.3(5)  Å3 
Z 4  
Density (calculated) 1.659  Mg/m3 
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Absorption coefficient 3.226  mm-1 
F(000)  2448  
Crystal size  0.20 x 0.20 x 0.20 mm3 
Theta range for data collection 1.69  to 30.44 °. 
Index ranges -27 <=h<=24 ,-23 <=k<=23 ,-23 <=l<=23  
Reflections collected  89630  
Independent reflections 13707 [R(int) = 0.0230 ] 
Completeness to theta =30.44 °  92.0%  
Absorption correction  Empirical 
Max. and min. transmission  0.5647  and  0.5647  
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  13707 / 0 / 635  
Goodness-of-fit on F2  1.031  
Final R indices [I>2sigma(I)]  R1 = 0.0193 , wR2 = 0.0461  
R indices (all data)  R1 = 0.0235 , wR2 = 0.0479  
Largest diff. peak and hole     1.799  and -0.780  e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for  mo_SES23_P21c. 
 
Au1-P1  2.3048(4) 
Au1-P2  2.3072(4) 
P1-Au1-P2                  175.725(15) 
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Complex 11 
 
 
 
Table 1.  Crystal data and structure refinement for mo_SESAuCat_0m 
 
Identification code  mo_SESAuCat_0m 
Empirical formula  C152 H132 Au12 F24 O3 P8 Sb4  
Formula weight  5560.93  
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1    
Unit cell dimensions a =  15.8369(7) Å         α=  87.960(2) °. 
 b =  19.5374(9) Å          β = 77.042(2) °. 
 c =  26.4206(13) Å        γ =  80.599(2) °. 
Volume 7859.7(6)  Å3 
Z 2  
Density (calculated) 2.350  Mg/m3 
Absorption coefficient 11.983  mm-1 
F(000)  5112  
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Crystal size  0.01 x 0.01 x 0.01 mm3 
Theta range for data collection 0.79  to 31.50 °. 
Index ranges -23 <=h<=23 ,-28 <=k<=28 ,-38 <=l<=38  
Reflections collected  140975  
Independent reflections 51065 [R(int) = 0.0624 ] 
Completeness to theta =31.50 °  97.6%  
Absorption correction  Empirical 
Max. and min. transmission  0.8896  and  0.8896  
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  51065 / 987 / 2140  
Goodness-of-fit on F2  1.018  
Final R indices [I>2sigma(I)]  R1 = 0.0466 , wR2 = 0.1076  
R indices (all data)  R1 = 0.0880 , wR2 = 0.1246  
Largest diff. peak and hole  3.248  and -3.415  e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for  mo_SESAuCat_0m. 
 
Au1A-C37A  2.245(9)  
Au1A-P1A  2.275(2) 
Au1A-Au5A  2.7504(4) 
Au1A-Au4A  3.1058(5) 
Au1A-Au2A  3.1818(4) 
Au1A-Au3A  3.2381(5) 
Au2A-C1A  2.204(8) 
Au2A-P2A  2.277(2) 
Au2A-Au3A  2.7262(5) 
Au2A-Au6A  3.1176(5) 
Au2A-Au5A  3.2483(5) 
Au3A-C55A  2.093(9) 
Au3A-C1A  2.115(9) 
Au3A-Au4A  2.7391(5) 
Au3A-Au6A  3.2363(5) 
Au4A-C55A  2.213(9) 
Au4A-P3A  2.272(2) 
Au4A-Au5A  3.2395(5) 
Au4A-Au6A  3.2940(4) 
Au5A-C37A  2.092(7) 
Au5A-C24A  2.117(7) 
Au5A-Au6A  2.7290(4) 
Au6A-C24A  2.199(8) 
Au6A-P4A                    2.277(2) 
C55A-Au3A-C1A        160.4(3) 
C37A-Au1A-P1A 161.4(2) 
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Complex 12 
 
 
 
Table 1.  Crystal data and structure refinement for SESAu6BF4-c_0m 
 
Identification code  SESAu6BF4-c_0m 
Empirical formula  C75.25 H62.50 Au6 B2 Cl6.50 F8 P4  
Formula weight  2676.48  
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1    
Unit cell dimensions a =  15.1801(8) Å α=  92.1400(10) °. 
 b =  19.5856(10) Å β = 106.0530(10) °. 
 c =  27.1271(15) Å γ =  101.3640(10) °. 
Volume 7562.6(7)  Å3 
Z 4  
Density (calculated) 2.351  Mg/m3 
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Absorption coefficient 11.974  mm-1 
F(000)  4962  
Crystal size  0.20 x 0.20 x 0.01 mm3 
Theta range for data collection 0.78  to 36.40 °. 
Index ranges -25 <=h<=25 ,-30 <=k<=32 ,-45 <=l<=45  
Reflections collected  136902  
Independent reflections 72037 [R(int) = 0.0403 ] 
Completeness to theta =36.40 °  97.7%  
Absorption correction  Empirical 
Max. and min. transmission  0.9881  and  0.0866  
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  72037 / 186 / 1861  
Goodness-of-fit on F2  1.022  
Final R indices [I>2sigma(I)]  R1 = 0.0440 , wR2 = 0.1036  
R indices (all data)  R1 = 0.0637 , wR2 = 0.1129  
Largest diff. peak and hole  5.277  and -4.749  e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for  SESAu6BF4-c_0m. 
 
Au1A-C1A  2.214(5) 
Au1A-P3A  2.2804(13) 
Au1A-Au5A  2.7405(3) 
Au1A-Au4A  3.1678(3) 
Au1A-Au2A  3.2115(3) 
Au1A-Au3A  3.3331(3) 
Au2A-C19A  2.206(5) 
Au2A-P1A  2.2549(13) 
Au2A-Au3A  2.7208(3) 
Au2A-Au6A  3.2010(3) 
Au2A-Au5A  3.2758(3) 
Au3A-C19A  2.106(5) 
Au3A-C37A  2.114(5) 
Au3A-Au4A  2.7341(3) 
Au3A-Au6A  3.2929(3) 
Au4A-C37A  2.213(5) 
Au4A-P4A  2.2811(13) 
Au4A-Au6A  3.1281(3) 
Au4A-Au5A  3.1621(3) 
Au5A-C72A  2.123(5) 
Au5A-C1A  2.133(5) 
Au5A-Au6A  2.7472(3) 
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Au6A-C72A  2.212(4) 
Au6A-P2A                 2.2792(12) 
C1A-Au1A-P3A        163.04(14) 
C19A-Au3A-C37A 161.16(18) 
 
Complex 18 
 
 
 
 
Table 1.  Crystal data and structure refinement for SESAu6cy 
 
Identification code  SESAu6cy 
Empirical formula  C75 H110 Au6 Cl6 F12 P4 Sb2  
Formula weight  3001.50 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a =  15.5210(14)Å α=  90°. 
 b =  32.453(2)Å        β = 114.1964(17)°. 
 c =  18.7684(17)Å γ =  90°. 
Volume 8623.2(13) Å3 
Z 4 
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Density (calculated) 2.312 Mg/m3 
Absorption coefficient 11.109 mm-1 
F(000)  5624 
Crystal size  0.20 x 0.20 x 0.20 mm3 
Theta range for data collection 2.227 to 27.614°. 
Index ranges -20<=h<=20,-42<=k<=42,-24<=l<=22 
Reflections collected  122997 
Independent reflections 19660[R(int) = 0.0399] 
Completeness to theta =27.614°  98.1%  
Absorption correction  Empirical 
Max. and min. transmission  0.215 and 0.165 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  19660/ 199/ 1073 
Goodness-of-fit on F2  1.089 
Final R indices [I>2sigma(I)]  R1 = 0.0332, wR2 = 0.0744 
R indices (all data)  R1 = 0.0498, wR2 = 0.0835 
Largest diff. peak and hole  3.014 and -1.255 e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for  SESAu6cy. 
 
Au1-C1  2.124(7) 
Au1-C55  2.145(7) 
Au1-Au4  2.7458(4) 
Au1-Au6  2.7559(4) 
Au1-Au2  3.1638(4) 
Au1-Au5  3.2130(4) 
Au2-C19  2.229(7) 
Au2-P1  2.2926(18) 
Au2-Au3  2.7259(4) 
Au2-Au6  3.1200(4) 
Au2-Au4  3.3248(4) 
Au3-C37  2.144(7) 
Au3-C19  2.155(7) 
Au3-Au5  2.7379(4) 
Au3-Au6  3.1581(4) 
Au3-Au4  3.2345(4) 
Au4-C1  2.225(7) 
Au4-P3  2.2754(17) 
Au4-Au5  3.1697(4) 
Au5-C37  2.235(6) 
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Au5-P4  2.2900(17) 
Au5-Au6  3.1905(5) 
Au6-C55  2.211(7) 
Au6-P2                       2.2835(18) 
C1-Au1-C55                   158.6(3) 
C19-Au2-P1                157.26(18) 
 
Complex 18 
 
	  	  
Table 1.  Crystal data and structure refinement for sespb147-C2m 	  
Identification code  sespb147-C2m 
Empirical formula  C56 H40 Au6 F12 O8 P4 Sb2  
Formula weight  2618.06 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/m 
Unit cell dimensions a =  17.026(7)Å α=  90°. 
 b =  21.542(8)Å    β = 134.906(4)°. 
 c =  12.042(5)Å γ =  90°. 
Volume 3128(2) Å3 
Z 2 
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Density (calculated) 2.780 Mg/m3 
Absorption coefficient 15.053 mm-1 
F(000)  2368 
Crystal size  0.20 x 0.20 x 0.20 mm3 
Theta range for data collection 2.392 to 26.284°. 
Index ranges -21<=h<=21,-26<=k<=26,-14<=l<=14 
Reflections collected  31006 
Independent reflections 3150[R(int) = 0.1136] 
Completeness to theta =26.284°  96.7%  
Absorption correction  Empirical 
Max. and min. transmission  0.153 and 0.118 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  3150/ 490/ 368 
Goodness-of-fit on F2  1.066 
Final R indices [I>2sigma(I)]  R1 = 0.0880, wR2 = 0.2081 
R indices (all data)  R1 = 0.1462, wR2 = 0.2287 
Largest diff. peak and hole  3.194 and -1.907 e.Å-3 	  
Selected Bond lengths [Å] and angles [°] for sespb147-C2m. 
 
Au1-C14  2.15(2) 
Au1-Au3#1  2.709(2) 
Au1-Au3  2.709(2) 
Au1-Au2#2  2.742(2) 
Au1-Au2#3  2.742(2) 
Au1-Au2#3  3.305(2) 
Au1-Au2  3.305(2) 
Au1-Au3#3  3.341(2) 
Au1-Au3#3  3.341(2) 
Au2-Au2#3  0.808(3) 
Au2-C20  2.26(4) 
Au2-P1  2.264(14) 
Au2-Au1#3  2.742(2) 
Au2-Au3#3  3.034(3) 
Au2-Au3#3  3.043(3) 
Au2-Au3  3.152(3) 
Au2-Au3#3  3.162(3) 
Au3-Au3#3  0.907(3) 
Au3-P2  2.264(14) 
Au3-Au2#3  3.034(3) 
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Au3-Au2#3  3.043(3) 
Au3-Au2#3  3.161(3) 
Au3-Au1#3                    3.341(2) 
 
Complex 22, (2-((4S,5S)-4,5-dimethyl-1,3,2-dioxaborolan-2-yl)phenyl)diphenyl-
phosphinegold(I) chloride 
 
 
 
Table 1.  Crystal data and structure refinement for mo_SES100a-b_0m 
 
Identification code  mo_SES100a-b_0m 
Empirical formula  C50 H50 Au2 B2 Cl2 O4 P2  
Formula weight  1263.29  
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P1    
Unit cell dimensions a =  8.7037(4) Å         α=  95.024(2) °. 
 b =  11.0965(4) Å      β = 104.476(2) °. 
 c =  13.0676(6) Å        γ =  94.804(2) °. 
Volume 1209.99(9)  Å3 
Z 1  
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Density (calculated) 1.734  Mg/m3 
Absorption coefficient 6.275  mm-1 
F(000)  614  
Crystal size  0.05 x 0.03 x 0.03 mm3 
Theta range for data collection 1.62  to 30.92 °. 
Index ranges -12 <=h<=12 ,-16 <=k<=14 ,-18 <=l<=18  
Reflections collected  21488  
Independent reflections 12572 [R(int) = 0.0261 ] 
Completeness to theta =30.92 °  89.1%  
Absorption correction  Empirical 
Max. and min. transmission  0.2547  and  0.2547  
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  12572 / 9 / 563  
Goodness-of-fit on F2  1.093  
Final R indices [I>2sigma(I)]  R1 = 0.0658 , wR2 = 0.1727  
R indices (all data)  R1 = 0.0671 , wR2 = 0.1757  
Flack parameter  x =-0.042(9)  
Largest diff. peak and hole  2.601  and -3.667  e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for mo_SES100a-b_0m. 
 
Au1A-P1A  2.185(4) 
Au1A-Cl1A  2.332(3) 
P1A-Au1A-Cl1A 179.41(17) 
B1A-O1A-C9A 106.1(9) 
B1A-O2A-C7A 106.4(9) 
O2A-B1A-O1A 114.7(11) 
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Complex 24, (2-((4R,5R)-4,5-dimethyl-1,3-dioxolan-2-yl)phenyl)diphenyl-
phosphinegold(I) chloride 
 
 
 
Table 1.  Crystal data and structure refinement for SES112p21. 
 
Identification code  SES112p21 
Empirical formula  C29 H29 Au Cl O2 P  
Formula weight  672.91  
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)    
Unit cell dimensions a =  11.0902(3) Å α=  90.00 °. 
 b =  8.8442(3) Å          β = 99.913(2) °. 
 c =  26.7611(9) Å γ =  90.00 °. 
Volume 2585.65(14)  Å3 
Z 4  
Density (calculated) 1.729  Mg/m3 
Absorption coefficient 5.879  mm-1 
F(000)  1320  
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Crystal size  0.03 x 0.02 x 0.02 mm3 
Theta range for data collection 1.86  to 36.43 °. 
Index ranges -14 <=h<=18 ,-14 <=k<=14 ,-35 <=l<=44  
Reflections collected  33255  
Independent reflections 21293 [R(int) = 0.0302 ] 
Completeness to theta =36.43 °  92.1%  
Absorption correction  Empirical 
Max. and min. transmission  0.3860  and  0.2715  
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  21293 / 1 / 617  
Goodness-of-fit on F2  1.060  
Final R indices [I>2sigma(I)]  R1 = 0.0495 , wR2 = 0.1223  
R indices (all data)  R1 = 0.0598 , wR2 = 0.1271  
Flack parameter  x =0.003(6)  
Largest diff. peak and hole  4.034  and -3.405  e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for SES112p21. 
 
Au1A-P1A  2.2235(12) 
Au1A-Cl1A  2.2845(13) 
P1A-Au1A-Cl1A 179.26(5) 
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Introduction 
 
Gold(I) Catalysts with Bifunctional PN and PNP Ligands 
 
Pyridylphosphines are well-established PN ligands in transition metal chemistry.87 
The combination of soft phosphorous and harder nitrogen atoms provides hemilability 
and bifunctionality, making this type of ligands very attractive in the synthesis of 
polynuclear transition metal complexes. Although many pyridyl88 complexes are 
known, there are relatively few reports on their application in catalysis. Pioneering 
work at Shell in the 1990s on a pyrid-2-yl or 6-methyl-2-pyrid-yl phosphine89 led to 
significant enhancements in rate and selectivity for the Pd-catalyzed 
methoxycarbonylation of propyne. In contrast to the small amount of complexes 
applied in catalysis, hundreds of pyridylphosphine complexes and several 
imidazolylphosphine complexes have been made for a variety of other purposes.90 
Polynuclear gold(I) complexes have attracted substantial attention in the past few 
decades due to their interesting structural diversities as well as their photophysical 
and photochemical properties.91 The structures of such complexes are generally based 
on polydentate ligands with two or more donor centers and/or attractive aurophilic 
d10–d10 interactions, which play an important role regarding its photoluminescent 
properties. The catalytic activity of polynuclear gold complexes is also of great 
interest. As was mentioned in the General Introduction, the cooperative effect of two 
gold centers has recently been proposed to be a key feature in certain catalytic 
reactions.92 In 2011 the group of Spingler reported a series of gold(I) complexes with 
imidazolyl substituted phosphines.93 These complexes were tested as bifunctional 
catalysts in the Markovnikov hydration of 1-octyne and in the synthesis of 
propargylamines by the three component coupling reaction of piperidine, 
benzaldehyde and phenylacetylene. Furthermore, formation of polymetallic species 
with Au2, Au3 and Au4 framework units has been observed and the solid-state 
structures of several polynuclear compounds were determined (Figure 1). 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
87.  Grotjahn, D. B. Top. Catal. 2010, 53, 1009–1014. 
88.  (a) Newkome, G. R. Chem. Rev. 1993, 2067–2089. (b) Zhang, Z.-Z.; Cheng, H. Coord. Chem. 
Rev. 1996, 147, 1–39. 
89.  (a) Drent, E.; Arnoldy, P.; Budzelaar, P. H. M. J. Organomet. Chem. 1993, 455, 247–253. (b) 
Drent, E.; Arnoldy, P.; Budzelaar, P. H. M. J. Organomet. Chem. 1994, 475, 57–63. 
90.  Slebocka-Tilk, H.; Cocho, J. L.; Frackman, Z.; Brown, R. S. J. Am. Chem. Soc. 1984, 106, 
2421–2431. (b) Wu, F.-J.; Kurtz, D. M. Jr.; Hagen, K. S.; Nyman, P. D.; Debrunner, P. G.; 
Vankai, V. A Inorg. Chem. 1990, 29, 5174–5183. (c) Kimblin, C.; Allen, W.; Parkin, G. 
Chem. Commun. 1995, 1813–1815. 
91.  (a) Mohr, F.; Che, C.-M.; Lai, S.-W. Gold Chemistry 2009, 249–281. (b) Sarcher, C.; 
Lebedkin, S.; Kappes, M. M.; Fuhr, O.; Roesky, P. W. J. Organomet. Chem. 2014, 343–350. 
92.  Hashmi, A. S. K. Acc. Chem. Res. 2014, 47, 864–876. 
93.  Wetzel, C.; Kunz, P. C.; Thiel, I.; Spingler, B. Inorg. Chem. 2011, 50, 7863–7870. 
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
 
Chapter II: The Intriguing Reactivity of a Linear Tetranuclear Au(I) Complex with PNP Ligands 	  
130 
 
 
Figure 1. Au(I) dimers, triangles and squares with imidazolyl substituted phosphines. 
 
While the activity in the hydration of 1-octyne was low, the complexes were potent 
catalysts for the three-component coupling reaction. In a homogeneous solution the 
conversion to the respective propargylamines was considerably higher than under 
aqueous biphasic conditions. The connectivity of the imidazolyl substituents to the 
phosphorus atom, their substitution pattern, as well as the number of heteroaromatic 
substituents had a great impact on the catalytic activity of the corresponding gold(I) 
complexes. 
The polydentate ambiphilic ligand 2,6-bis(diphenylphosphino)pyridine (DPPPY) has 
been successfully applied in the syntheses of polynuclear platinum and silver 
compounds.94 However, only a few examples of Au(I) complexes with this ligand 
have been reported. 95  Che and coworkers reported the preparation and crystal 
structure of the one-dimensional gold(I) polymer [{AuL(C≡CPh)}∞] (L = 2,6-
bis(diphenyl-phosphino)pyridine), which was found to be strongly emissive at room 
temperature (Figure 2).98 In contrast to 2,6-bis(diphenylphosphino)pyridine, the 'gold' 
chemistry of ortho-(diphenylphosphine)pyridine and its analogues has been widely 
studied, giving rise to AunM (M = Cu(I), Ag(I), n = 3-6) clusters. These clusters were 
mainly considered to be interesting due to their photophysical properties caused by 
ligand-to-metal–metal charge transfer (LMMCT) mixed with cluster-centered 
character, 96 however a recent investigation of its reactivity has been reported.99d For 
example, the group of Wang reported [SAu3Ag(L1)3](BF4)2 (L1 = 2-
diphenylphosphino-4-methyl-pyridine) clusters which emit light (blue or yellow-
green) depending on the crystallization conditions. Structural data suggest that 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
94.  (a) Wood, F. E.; Hvoslef, J.; Hope, H.; Balch, A. L. Inorg. Chem. 1984, 23, 4309–4315. (b) 
Kuang, S.- M.; Zhang, L.- M.; Zhang, Z.- Z.; Wu, B.– M.; Mak, T. C. W. Inorg. Chim. Act. 
1999, 278–283. 
95.  Shieh, S.- J.; Hong, X.; Peng, S.- M.; Che, C.- M. J. Chem. Soc. Dalton Trans 1994, 3067–
3068.  
96.  (a) Wang, Q.-M.; Lee, Y.-A.; Crespo, O.; Deaton, J.; Tang, C.; Gysling, H. J.; Gimeno, M. C.; 
Larraz, C.; Villacampa, M. D.; Laguna, A.; Eisenberg, R. J. Am. Chem. Soc. 2004, 126, 9488–
9489; (b) Gimeno, M. C.; Laguna, A. Chem. Soc. Rev. 2008, 37, 1952–1966. (c) Mo, L.- Q.; 
Jia, J.- H., Sun, L.- J., Wang, Q.- M. Chem. Commun. 2012, 48, 8691–8693. Reaction with 
ketones: (d) Pei, X.-L.; Yang, Y.; Lei, Z.; Chang, S.-S.; Guan, Z.-J.; Wan, X.-K.; Wen, T.-B.; 
Wang, Q.-M. J. Am. Chem. Soc. 2015, 137, 5520–5525. 
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intermolecular Au…Au interactions account for the luminescence vapochromic 
responses. 
 
 
 
Figure 2. A perspective view of [{Au2L(C≡CPh)2}∞] showing the repeating Au2L(C≡CPh)2 unit held 
together by a Au(I)–Au(I) interaction: Au–Au 3.252(1), Au–P 2.270(3), Au–C(4) 1.988(12), C(4)–C(5) 
1.199(17); Au–C(4)–C(5) 172.5(1l)º, P–Au–C(4) 170.5(3)º, P–C(1)–N 117.7(11)º.  
 
Gold Enolate Complexes 
 
The term 'enol' refers to the tautomeric structure of a carbonyl compound. This 
structure reacts with a metal unit forming enol–M bonds (I), η3-oxoallyl–M (II) and 
2-oxoalkyl–M complexes (III; Figure 3).97 
 
 
 
Figure 3. Different types of metal–enolate bonding. 
 
A range of synthetic methodologies has been used to form these M–ketonyl 
derivatives,98 for example, oxidative addition to organometallic compounds of α-	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
97.  (a) Seebach, D. Angew. Chem. Int. Ed. 1988, 27, 1624–1654. (b) Domingo, L. R.; J.; Andrés in 
PATAI’S Chemistry of Functional Groups, Wiley, Hoboken, 2009. 
98.  (a) Vicente, J.; Arcas, A.; Fernández-Hernández, J. M.; Bautista, D. Organometallics 2001, 20, 
2767–2774. (b) Shulpin, G. B.; Nizova, G. V.; Shilov, A. E. J. Chem. Soc. Chem. Commun. 
1983, 671–672. (c) Nizova, G. V.; Serdobov, M. V.; Nikitaev, A. T.; Shulpin, G. B. J. 
Organomet. Chem. 1984, 275, 139–144. (d) Vicente, J.; Abad, J. A.; Chicote, M.-T.; 
Abrisqueta, M.-D.; Lorca, J.-A.; Ramírez de Arellano, M. C. Organometallics 1998, 17, 1564–
1568. 
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Synthesis and Crystal Structure of a Luminescent One- 
dimensional Phenylacetylide-Gold( I) Polymer with 
2,6=Bis(diphenylphosphino)pyridine as Ligand 
Shen-Jye Shieh,a Xiao Hang! Shie-Ming Peng * r a  and Chi-Ming Che*earb 
a Department of Chemistry, National Taiwan University, Taipei, Taiwan 
Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong 
The emissive one-dimensional gold( I) polymer [{Au,L(CzCPh),},] [L = 2,6-bis(diphenylphosphino) - 
pyridine] has been prepared and its crystal structure determined; Au,L(CrCPh), is the repeating unit 
and the closest intermolecular Ad  Au' separation is 3.252(1) A. 
New organometallic polymers with intriguing electrooptical 
properties have been receiving our close attention. Recent 
studies by Puddephatt and co-workers have shown a way to 
assemble linear-chain metal-containing polymers by reacting 
gold(1) acetylides with diphosphine and/or functional isocyan- 
ide ligands. However, the crystal structures of the gold(1) 
oligomers have not been determined. We therefore present 
herein the preparation and crystal structure of the one- 
dimensional gold(1) polymer [(Au,L(C=CPh),) ,][L = 2,6- 
bis(diphenylphosphino)pyridine], which is strongly emissive at 
room temperature. 
The ligand L (ref. 2) and [(Au(C=CPh))J3 were prepared 
by literature methods. The reaction of L (0.14 g) with 
[{Au(C=CPh)j,] (0.10 g) in CH,Cl, (40 cm3) at room 
temperature for 30 min gave a yellow solution which was 
filtered. Upon diffusion of diethyl ether into the solution, bright 
yellow crystals of [(Au,L(C=CPh),) ,] were obtained in ca. 
60% yield. This is an air-stable compound but has very low 
solubility in most common organic solvents. Satisfactory C, H 
and N analyses were obtained and its structure established by 
X-ray crystallography. Fig. 1 shows a perspective view of the 
molecule.? The structure features a one-dimensional polymer 
with the repeating unit Au,L(C=CPh), held together by a weak 
t Crystal data. C,,H,,Au,NP,, M = 1043.63, orthorhombic, space 
group Fdd!, a = 10.754(3), b = 40.453(10), c = 17.218(8) A, U = 
7491(4) A3, Z = 8, D, = 1.851 g cm-,, crystal dimensions 0.10 x 
0.25 x 0.40 mm, p = 79.18 cm-', F(OO0) = 3983, number of para- 
meters 227, number of unique reflections 1698, number of reflections 
with Z > 20(Z) 1559, R [ =  CIF, - F c ~ / ~ F o ~ ]  = 0.027, R'{= @w(IF0I - 
IFcI)2/Zw(lFol)2]lt} = 0.020, goodness of fit { =  [Xw(lF,J - I~,!)'/(n - 
p ) ] * )  = 1.98, weighting scheme w = 1/02(Fo). Raw intensities were 
collected on a Nonius CAD4 fully automated four-circle diffractometer 
(graphite-monochromatized Mo-KCX radiation, h = 0.71 07 A) using 
the e 2 8  scan mode. Data reduction and structure refinement were 
performed using the NRCC-SDP-VAX packages available from 
S. M. Peng upon request. The absolute structure was checked. The 
structure was solved by the Patterson method and refined by least- 
squares analysis. Atomic coordinates, thermal parameters and bond 
lengths and angles have been deposited at the Cambridge Crystallo- 
graphic Data Centre. See Instructions for Authors. J.  Chem. 
Soc., Dalton Trans., 1994, Issue 1, pp. xxiii-xxviii. 
Fig. 1 A perspective view of [{Au,L(C=!Ph,},] showing the repeating Au,L(GCPh), unit held together by an Au' - - Au' interaction; Au - - Au 
3.252(1), Au-P 2.270(3), Au-C(4) 1.988(12), C(4)-C(5) 1.199(17) A; Au-C(4)-C(5) 172.5(1 l), P-Au-C(4) 170.5(3), P-C(1)-N I17.7(1l)O. Symmetry 
coordinates: (x , . v ,  z ) ,  ( - x ,  --y, - z ) ,  ( x  + +, --y + &, z + :), ( - x  + :,y + &, z + &) 
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halogen carbonyl compounds99 or epoxides,100 transmetalation reactions promoted by 
Hg salts98 or reactions of main-group enolates with electrophilic metal centers.101 
Other methodologies involve reactions of carbonyl compounds with metal-
hydroxide102 or metal-chloride complexes in the presence of bases, such as Ag2O, 
KOH and NaOH.103 
Following these procedures, various M–ketonyl species have been isolated by using 
late-transition metals, such as Rh, Ni, Pt, Pd and Au. With regard to the latter, as 
shown in Figure 4, Vicente et al. reported the synthesis of Au(III)–ketonyl by enolate 
formation of acetone promoted by the ancillary bidentate ligand bound to the metal 
center.104 Cinellu reported a similar structure of Au(III)–acetonyl complex bearing a 
C,N-cyclometallated ligand in 1996.105 Similar Au(III)–ketonyl complexes, with 2-
phenylpyridine (ppy) as a chelating ligand were reported by the group of Fan in 
2004.106 Furthermore, Ito and coworkers fully characterized stable AuI(PPh3)–ketonyl 
and –homoketonyl complexes by adding silyl vinylethers or epoxides to AuI(PPh3)–
chloride in the presence of cesium fluoride.107 Crystal structures of AuI–acetonyl 
phosphine complexes and its analogues were reported by the groups of Laguna and 
Kuzmina. Recently Nolan and coworkers reported another example of Au–acetonyls 
employing labile NHC ligands with different substituents (Figure 4).108 Later, the 
group of Wang described a hexanuclear Au3Ag3 oxo-cluster with bis(2-
pyridyl)phenylphosphine that was able to react with several methyl ketones under 
relatively mild conditions.96 High site-selectivity and a broad substrate scope were 
highlighted as advantages of this cluster (Figure 5). It was found that the reaction 
proceeds via triple deprotonation of the methyl group, leading to formation of 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
 
99.  (a) Doney, J. J.; Bergman, R. G.; Heathcock, C. H. J. Am. Chem. Soc. 1985, 107, 3724–3726. 
(b) Hirao, T.; Nagata, S.; Yamana, Y.; Agawa, T. Tetrahedron Lett. 1985, 26, 5061–5064. (c) 
Burkhardt, E. R.; Doney, J. J.; Bergman, R. G.; Heathcock, C. H. J. Am. Chem. Soc. 1987, 109, 
2022–2039. 
100.  Milstein, D. Acc. Chem. Res. 1984, 17, 221–226. 
101.  (a) Slough, G. A.; Bergman, R. G.; Heathcock, C. H. J. Am. Chem. Soc. 1989, 111, 938–949. (b) 
Posner, G. H.; Lentz, C. M. J. Am. Chem. Soc. 1979, 101, 934–946. 
102.  (a) Arnold, D. P.; Bennett, M. A. J. Organomet. Chem. 1980, 199, 119–135. (b) Truscott, B. J.; 
Nelson, D. J.; Lujan, C.; Slawin, A. M. Z.; Nolan, S. P. Chem. Eur. J. 2013, 19, 7904–7916.  
103.  (a) Boke, H.-W. F.; dePater, C.; Goubitz, K.; Fraanje, J.; Budzelaar, P. H. M.; Gal, A. W.; 
Vrieze, K. Inorg. Chim. Acta 2005, 358, 431–436. (b) Cairns, M. A.; Dixon, K. R.; Smith, M. A. 
R. J. Organomet. Chem. 1977, 135, C33–C34.  
104.  (a) Vicente, J.; Bermudez, M.-D.; Chicote, M.-T.; Sanchez-Santano, M.-J. J. Chem. Soc. Chem. 
Commun. 1989, 141–142. (b) Vicente, J.; Bermudez, M. D.; Escribano, J.; Carrillo, M. P.; 
Jones, P. G. J. Chem. Soc. Dalton Trans. 1990, 3083–3089. (c) Vicente, J.; Bermffldez, M.-D.; 
Carrillo, M.-P.; Jones, P. G. J. Organomet. Chem. 1993, 456, 305–312. 
105.  (a) Cinellu, M. A.; Zucca, A.; Stoccoro, S.; Minghetti, G.; Manassero, M.; Sansoni, M. J. Chem. 
Soc. Dalton Trans. 1996, 4217–4225. (b) Cocco, F.; Cinellu, M. A.; Minghetti, G.; Zucca, A.; 
Stoccoro, S.; Maiore, L.; Manassero, M. Organometallics 2010, 29, 1064–1066. 
106.  Fan, D.; Meléndez, E.; Ranford, J. D.; Lee, P. F.; Vittal, J. J. J. Organomet. Chem. 2004, 689, 
2969–2974. 
107.  (a) Ito, Y.; Inouye, M.; Suginome, M.; Murakami, M. J. Organomet. Chem. 1988, 342, C41–
C44. (b) Murakami, M.; Inouye, M.; Suginome, M.; Ito, Y. Bull. Chem. Soc. Jpn. 1988, 61, 
3649–3652. 
108.  Gasperini, D.; Collado, A.; Goméz-Suárez, A.; Cordes, D. B.; Slawin, A. M. Z.; Nolan, S. P. 
Chem. Eur. J. 2015, 21, 5403–5412. 
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heterometallic Au(I)−Ag(I) clusters with formula RCOCAu4Ag4(PPhpy2)4(BF4)5 
(PPhpy2 = bis(2-pyridyl)phenylphosphine). The initial Au3Ag3 oxo-cluster can be 
generated in situ via the reaction of [OAu3Ag(PPhpy2)3](BF4)2 with two equivalents 
of AgBF4. The oxo ion and the metal centers were found to be essential for the 
transformation to proceed. 
 
 
Figure 4. Some examples of reported Au(I) and Au(III)–ketonyl complexes. 
 
Both Ito111 and Nolan112 studied the reactivity of the formed gold(I)-enolate 
complexes. The former found that (triphenylphosphine)gold(I) enolates did not react 
with aldehydes. When a Lewis acid was present in the reaction mixture, an aldol 
reaction occurred producing β-hydroxy carbonyl compounds. The Au–enolates 
obtained by Ito could be handled quickly in the open air but gradually decomposed in 
solution. The formation of acetophenone was observed in the reactions of 
(benzoylmethyl)(triphenylphosphine)gold(I) with thiols and alkynes. Nolan’s NHC–
Au enolates reacted in a stoichiometric way with phenylacetylene (pKa (DMSO) = 
28.8) giving the corresponding complex in 87% yield after heating the mixture at 80 
ºC for 24 hours. Phenols, acetylacetone and dimethoxymalonate were also easily 
transformed to their corresponding complexes. In addition, the group of Nolan has 
used these acetonyl complexes as catalyst for the hydration of alkynes to form ketones 
and the rearrangement of propargylic acetates to form substituted indenes. They 
assumed that the addition of a protic acid to the reaction mixture will generate the 
active species [Au(NHC)]+ , and therefore the use of hygroscopic silver salts could be 
avoided.  
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Figure 5. Proposed intermediate and scope of methyl ketones used. 
 
After optimizing the conditions for both transformations they obtained high 
conversions of the desired products (Scheme 1).112 However, the reactivity of the 
acetonyl–Au(I)NHC complex was found to be lower than for the closely related OH–
Au(I)NHC derivatives.109 
 
 
 
Scheme 1. Examples of Au(NHC)–acetonyl catalyzed transformations. 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
109.  Nun, P.; Gaillard, S.; Poater A. M. Z.; Cavallo, L.; Nolan, S. P. Org. Biomol. Chem. 2011, 9, 
101–104. 
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Gold and Nitrile Hydrolysis 
 
The hydrolysis, i.e., splitting with water, or the hydration, i.e., addition of water, (both 
terms are normally used here as synonyms in this context) of nitriles is an area of 
great synthetic importance for the preparation of amides (e.g., acrylamide or 
nicotineamide) and carboxylic acids (e.g., R-(–)-mandelic acid and S-(+)-ibuprofen). 
Both classes of compounds have important industrial applications and 
pharmacological interest.110 Traditional acid/base conditions of the reaction have 
several disadvantages: careful control of the temperature and the ratio of reagents is 
required in order to avoid the formation of polymers caused by partial hydrolysis and 
difficulty of amide isolation due to hydration processes. These problems can be 
overcome by employing metal ions as powerful activators of nitriles towards 
nucleophilic attack by OH–/H2O. In the past decades, some reviews devoted 
exclusively to hydrolysis involving metal centers were published, covering hydrolytic 
conversion occurring mainly at Ru-,111 Re-,112 and Pt-113 centers. Most theoretical and 
experimental evidence (kinetic data, isolation of new compounds) support the 
intramolecular ''two–metal–mechanism'' process (Figure 6). One metal center 
enhances the electrophilicity of the bound nitrile, while the second metal ion 
facilitates the deprotonation of the coordinated water, leading to a metal ligated 
hydroxide that serves as an intramolecular nucleophile. 
 
 
 
Figure 6. ''Two–metal–mechanism'' in the metal–mediated hydrolysis of nitriles. 
 
General charge considerations suggest that a higher overall charge on the complex-ion 
leads to better activation of complexed nitriles toward hydrolysis. Explicit examples 
are quite rare, however one could mention the observation of Mador's group who 
found that hydration of the monocationic complex [PtClL2(MeCN)]+ (L2 = en, 2NH3) 
proceeds at pH ca. 11.5, while for the biscationic complex [PtL2(MeCN)2]2+ it occurs 
at pH ca. 8.114 
In 2009 the group of Nolan reported the first study on nitrile activation in 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
110.  Kukushkin, V. Y.; Pombeiro, A.J.L. Inorg. Chim. Acta 2005, 358, 1–21. 
111.  da Rocha, Z. N.; Chiericato Jr., G.; Tfouni, E. Adv. Chem. Ser. 1997, 297. 
112.  Eglin, J. Comments Inorg. Chem. 2002, 23, 23–43. 
113.  Kukushkin, Yu.N. Russ. J. Coord. Chem. 1998, 24, 173. 
114.  (a) Goetz, R.W.; Mador, I. L. Patent U.S. 1972, 3670021. (b) Goetz, R.W.; Mador, I. L. 
Chem. Abstr. 1972, 77, 100857. 
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homogeneous gold catalysis.115 The reaction required harsh conditions: 140 ºC, 
microwave radiation (Scheme 2). Nitriles bearing electron-withdrawing groups gave 
better yields than the ones with electron–donating substituents.  
In terms of a mechanism, several possible hypotheses were postulated. Intermolecular 
trapping by water of the nascent carbocation generated by σ- or π-coordination of the 
gold center to the C≡N bond (Scheme 2) can be envisaged. However, the authors 
ruled out this possibility due to the propensity of gold(I) to form linear dicoordinated 
species. Alternatively, an in situ formed hydroxo-gold species could 'deliver' the OH– 
moiety to the nitrile (Scheme 2). 
 
 
 
Scheme 2. Nitrile hydrolysis catalyzed by a AuIPr complex. 
  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
115.  Ramón, R. S.; Marion N.; Nolan, S. P. Chem. Eur. J. 2009, 15, 8695–8697. 
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Objectives 
 
Due to the growing interest in catalysis performed by digold(I) species we were 
looking for a suitable phosphine ligand that can provide access to polynuclear gold(I) 
complexes featuring chemically different gold(I) centers assembled by aurophilic 
interactions. Our search led us to 2,6-bis(diphenylphosphino)pyridine (DPPPY), a 
hemilabile and bifunctional ligand. To date, virtually no 'gold' chemistry involving 
DPPPY has been described, as was mentioned in the Introduction to this chapter. 
Therefore, we were interested in disclosing so far unexplored opportunities. 
 
 
  
NPh2P PPh2
hemilability and bifunctionality
polynuclear-gold(I)-complexes
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Results and Discussion 
 
Diversity in DPPPY – Gold(I) Complexes 
 
The DPPPY ligand was synthesized following the literature procedure.116 According 
to the standard procedure for the synthesis of LAuCl type complexes, two equivalents 
of Au(tht)Cl were combined with one equivalent of DPPPY (Scheme 3). Almost 
immediately after complete addition of the DPPPY we observed the formation of a 
white precipitate that was isolated by filtration and washed several times with CH2Cl2. 
We assumed the formed precipitate is an organometallic polymer, similar to the one 
described by the group of Che in 1994 [{AuL(C≡CPh)2}∞].98  
 
 
 
Scheme 3. Formation of the neutral complex 1. 
 
After numerous tries with different organic solvents we were pleased to find out that 
the formed polymer 1 upon being heated to 130 ºC in tetrachloroethane dissolves 
completely, forming a colorless solution. This solution does not form any precipitate 
after being cooled down to room temperature. 
The next step was generation of the cationic gold(I) complex (Scheme 4). When 
reacting complex 1 with one or two equivalents (with respect to the gold complex) of 
AgSbF6 in acetonitrile we observed the formation of intense orange and yellow 
colored solutions respectively. The structures of both new complexes were 
determined by X-ray diffraction. Instead of the expected mono- and dicationic gold(I) 
complexes, Au4 scaffold structures were isolated in both cases. When just 1 
equivalent of silver salt was used a zig-zag shaped Au4 dimer was isolated, complex 2 
(Figure 7). In the solid state this dimer is stabilized by the intermolecular aurophilic 
Au…Au interactions (3.24 Å distance between two terminal gold atoms in each of Au4 
fragments) along with rare intermolecular Au…Cl interactions (3.38 Å, 3.41 Å = 
Rvdw(Au) + RvdW(Cl) ). While association via halogen bridges is common for Cu(I) 
and Ag(I), ab initio calculations suggest that Au(I) should prefer metallophilic 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
116.  Herd, O.; Hessler, A.; Hingst, H.; Tepper, M.; Stelzer, O. J. Organomet. Chem. 1996, 522, 
69–76. 
NPh2P PPh2
2 equiv. AuthtCl
CH2Cl2, 25 ºC
NPh2P PPh2
AuAu
ClCl
1, 98 %
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Scheme 4. Formation of the cationic complexes 2 and 3. 
 
interaction to other means of aggregation.117 However, it was demonstrated already 
before that changes in the electronic properties of the phosphine on the gold center 
can favor the bridging variant.118 This dimer was found to exist only in the solid state. 
31P{1H} NMR spectrum shows two sharp singlets, at 42.3 and 38.0 ppm respectively, 
indicating the presence of two equal P–Au–Cl and two equal P–Au–N units. 
 
 
 
Figure 7. X-Ray crystal structures of complexes 2 (left) and 3 (right); Solvent molecules and anions 
omitted for clarity. 
 
In contrast to complex 2, complex 3 is present as a monomer in the solid state. The 
intramolecular aurophilic Au…Au interactions in the solid state in case of complex 2 
are stronger than in complex 3, which is in correlation with the emission maximums 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
117.  (a) Schwerdtfeger, P.; Hermann, H. L.; Schmidbaur Inorg. Chem. 2003, 42, 1334–1342. (b) 
O’Grady, E.; Kaltsoyannis, N. Phys. Chem. Chem. Phys. 2004, 6, 680–687. 
118.  Tris(azolyl)phosphine gold(I) complexes: Strasser, C. E.; Gabrielli, W. F.; Esterhuysen, C.; 
Schuster, O. B.; Nogai, S. D.; Cronje, S.; Raubenheimer, H. G. New J. Chem. 2008, 32, 138–
150. 
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in the solid state of these compounds (λex = 375 nm; λmax = 582 nm for complex 2, 
λmax = 544 nm for complex 3).  
Use of another gold(I) source – [Au(tmbn)2]SbF6 (tmbn = 2,4,6-
trimethoxybenzonitrile) 119  [Au(tmbn)2]SbF6 (tmbn = 2,4,6-trimethoxybenzonitrile) 
led us in a straightforward manner to the cationic complex complexes 4 and 5 
(Scheme 5).  
 
 
Scheme 5. Formation of cationic complexes 4 and 5. 
 
This time the reaction with one equivalent led to a digold bis(diphosphine) complex 4. 
Several recrystallizations were needed to completely eliminate traces of the free 
nitrile (Figure 8). The two gold centers in this case are too far apart (5.27 Å) for any 
aurophilic interactions to occur.  
 
Figure 8. X-Ray crystal structures of complexes 4 (left) and 5 (right); Solvent molecules and anions 
omitted for clarity. 
Complex 5 has the same structural motive as complex 3. However, use of the more 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
119.  The first Au(I) complex supported by two nitrile ligands that is indefinitely stable at room 
temperature: Raducan, M.; Rodriguez-Escrich, C.; Cambeiro, X. C.; Escudero-Adan, E.C.; 
Pericàs, M. A.; Echavarren, A. M. Chem. Comm. 2011, 47(17), 4893–4895. 
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bulky nitrile led to straightening of the Au4 'wire' and complex 5 is one of the rare 
examples of a linear Au4 scaffold ((α Au(3)–Au(2)–Au(1) 171 º, α Au(2)–Au(3)–
Au(4) 176 º). 
As was mentioned in the General Introduction, triflimide is another type of anion 
(coordinating anions) commonly used for chloride abstraction from gold. When silver 
triflimide was used as a chloride scavenger, even in the presence of acetonitrile, a Au4 
'wire' complex 6 (this time the 'wire' is more bent than in the case of complex 5: ((α 
Au(3)–Au(2)–Au(1) 123 º, α Au(2)–Au(3)–Au(4) 120 º) was isolated bearing two 
triflimide anions coordinated to the terminal gold centers and two free triflimides 
(Figure 9, see Experimental Part for main bond length and angles). 
Another frequently used anion is [BArF4]−, a weakly coordinating anion (WCA), 
which recently attracted a lot of attention in gold(I) catalysis. Being less nucleophilic 
and less basic, [BArF4]− was found to minimize the formation of undesired σ,π-
digold(I) complexes in the reactions of alkynes with alkenes.120 Unexpectedly, instead 
of the Au4 'wire' type complex we isolated before, this time we obtained a Au4 
'pseudosquare' complex with two 3,5-trifluoromethylphenyl groups coordinated to 
two gold centers. 31P{1H} NMR spectrum showed only one singlet and two singlets 
appeared in 19F{1H} NMR with a ratio of 1 to 4. 
 
 
Figure 9. X-Ray crystal structures of complexes 6; Solvent molecules and anions (non-coordinated) 
omitted for clarity. 
 
In addition, HRMS MALDI analysis also supported the structure of complex 7 in the 
gas phase. In complex 7, the gold center is no longer connected to both the nitrogen 
and phosphorous atoms, resulting in a decrease in the charge of the complex by two 
units, which promotes the change of the final complex geometry from almost linear to 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
120.  Homs, A.; Obradors, C.; Leboeuf, D. Adv. Synth. Catal. 2014, 356, 221–228. 
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square-planar. This result demonstrates a high electrophilicity of the Au4 'wire' 
complex most likely formed in situ by transmetalation with NaBArF4 (Scheme 6).  
 
 
 
 
Scheme 6. Formation of the Au4 square complex 7 and its X-ray structure; solvent molecules and 
anions omitted for clarity. 
 
As an another example of a transmetalation reaction, supporting the result obtained 
with Na[BArF4], we selected the treatment of complex 3 with trimethyl(phenyl)tin, a 
commonly used reagent in cross-coupling reactions in organic synthesis (Scheme 7). 
As expected, complex 8 was isolated in a good yield, although four equivalents of the 
tin compound were necessary for the complete transformation. Otherwise a side 
product – a complex with gold centers partially occupied with phenyl groups/CH2Cl2 
molecules was also formed (complex 8A).  
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Scheme 7. Formation of the Au4 square complex 8; X-ray structure of 8 (left) and 8A (right); Solvent 
molecules and anions omitted for clarity. 
 
 
Reactivity of Complex 3 in Catalysis 
 
First, we decided to test the stability of complex 3. Only after being heated overnight 
in a 1,1,2,2-tetrachloroethane-d4 solution at 130 ºC we could detect its decomposition 
to dinuclear complex 4 by 1H and 31P {1H} NMR. Being inspired by the obtained 
results regarding the electrophilicity of the Au4 'wire' we decided to check its catalytic 
activity in different transformations that have been developed in our group. The 1,6-
enyne cycloisomerization,74 formation of 2-substituted indenes from alkynyl 
cycloheptatrienes,77 hydration of phenylacetylene78 and a [4+2] cycloaddition 
reactions79 were selected for this test. The most classical reaction: 1,6-enyne 
cycloisomerization needs to be performed at 0 ºC, as at room temperature a complex-
mixture was observed by 1H NMR. At 0 ºC formation of the major anti-5-exo-dig 
product A1 was observed (A2, the product of A1 isomerization was also obtained), 
along with the 6-endo-dig product.121 The formation of a 2-substituted indene from 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
121.  6-endo-dig product was observed before in 1,6-enyne isomerization reaction catalyzed by 
Au(I) and other metals, like Fe(III): Nieto-Oberhuber, C.; Muñoz, M.P., López, S.; Jimémez-
NPh2P PPh2
Au Au
Ph2P N PPh2
AuAu
N
N
(SbF6)44+
3
4 equiv. Me3PhSn
CH2Cl2, 25 ºC, 3 h
Au
N
Au
Au
NPh2P
Ph2P PPh2
Au
PPh2
(SbF6)22+
8, 76%
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
 
Chapter II: The Intriguing Reactivity of a Linear Tetranuclear Au(I) Complex with PNP Ligands 	  
144 
the alkynyl cycloheptatriene proceeds rapidly at room temperature in 1 hour. Product 
B1 was isolated, the same as when the cationic Au(I)-phosphate catalyst was used.122 
This is another proof of the high electrophilicity of complex 3. The product of the 
phenylacetylene hydration − acetophenone was obtained in a good yield, although 
longer reaction times (36 hours vs 24 hours in Corma’s work)78 were required when 1 
mol% of complex 3 was used. Finally, the [4+2] cycloaddition reaction reached full 
conversion in a short time at room temperature. However, the obtained yields were 
lower than in original procedures (Scheme 8). 
 
 
 
Scheme 8. Catalytic activity of complex 3; yields were determined by 1H NMR using 1,4-
diacetylbenzene as internal standard. 
  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Núñez, E.; Nevado, C.; Herrero-Gómez, E.; Raducan, M.; Echavarren, A.M. Chem. Eur. J. 
2006, 12, 1677–1693. 
122.  McGonigal, P. R.; de Leon, C.; Y. Wang, Y.; Homs, A.; Solorio-Alvarado, C. R.; Echavarren, 
A. M. Angew. Chem. Int. Ed. 2012, 51, 13093–13096. 
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DPPPY – Gold(I) Complexes: Enolate formation 
 
Looking for a suitable system for crystallization of complex 3, an acetone/pentane 
mixture was selected. Instead of the expected structure, a new compound – complex 9 
was isolated (Figure 10).  
 
 
 
Figure 10. Scheme and X-ray crystal structure of complex 9; solvent molecules and anions omitted for 
clarity. 
 
Complex 9 consists of the same structural motive as complexes 7 and 8. The 
coordination of both acetonyl fragments, which decrease the total charge of the 
complex by two units, probably leads to the change in the geometry	   from	  Au4 'wire' 
to Au4 'pseudosquare'. The distances between gold centers are longer than in the Au4 
'wire' type complexes, indicating less strong intramolecular aurophilic interactions. 
This observation is in agreement with the obtained luminescence data in the solid 
state: the emission maximum of complex 3 is more redshifted (stronger aurophilic 
interactions) in comparison to complex 9 (λex = 375 nm; λmax = 544 nm for complex 
3, λmax = 502 nm for complex 9). One singlet in 31P {1H} NMR 42.76 ppm designates 
the equivalence of all four phosphorous atoms of the structure in solution. The 1H 
NMR spectrum in CD2Cl2 indicated the presence of a functionalized acetone moiety: 
a singlet at 1.18 ppm that was assigned to the CH2 group and a singlet at 0.88 ppm 
corresponding to the CH3 moiety (Figure 11). The FTIR (ATR) spectrum of complex 
9 shows a strong absorption band at 1638 cm–1, corresponding to the stretching 
frequency of the carbonyl group (νCO), in agreement with previously reported Au–
acetonyl compounds.104 The relevant distances are Au–CH2 of 2.091(9) Å, CH2–CO 
of 1.482(5) Å, and C=O, 1.219(5) Å, which are also in agreement with previously 
reported Au–acetonyl complexes.107 
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Figure 11. 31P {1H} and 1H NMR spectrum of complex 9 in CD2Cl2. 
 
After the isolation of complex 9 we decided to investigate possible routes for the 
synthesis of these types of complexes. The formation of Nolan’s (NHC)Au–acetonyl 
complexes required the presence of a strong base (the addition of 6 equivalents of 
NEt3 led to recovery of the starting material, when KOH was used in the same amount 
40% of the product was isolated). Use of two equivalents of silver(I) oxide gave us 
the desired compound in good yield after 12 hours (use of freshly prepared silver 
oxide can decrease the reaction time to 6 hours). The mechanism of the observed 
transformation remains unclear: the initial step is most likely replacement of 
acetonitrile on the terminal gold centers of the Au4 'wire'	   by the formed enolate, 
followed by recoordination (all phosphorous atoms in the final compound are 
equivalent) and a geometry change to Au4 'pseudosquare' (Scheme 9). Being intrigued 
by the obtained result we decided to test the scope of the described transformation. 
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Scheme 9. Formation of Au4–acetonyl complex 9. 
 
Unfortunately, neither methoxyacetone (pKa(DMSO) = 24.6) 123 , acetophenone 
(pKa(DMSO) = 24.7) nor 2-butanone (pKa(DMSO) = 24.6) gave even a trace of the 
new enolate complex after prolonged reaction times (24 hours). The reason might be 
the solubility of starting complex 3 in these ketones, as acetone was required for 
complex 9 to be formed. After an extended search for additional examples of the 
discovered reactivity, 1,3-cyclic diketones were selected as suitable candidates. To 
our delight just two equivalents of a bulky 1,3–indandione were sufficient to readily 
form a Au4 'pseudosquare' complex (10) after being premixed with 2,6-di-tert-
butylpyridine (a bulky, non-coordinative base). The product was obtained after 14 
hours at room temperature in acetonitrile in 76% yield. Two more examples were 
obtained with 1,3-cyclohexanedione (complex 11) and Meldrum’s acid (complex 12) 
(Figure 12). Of note, complexes with 1,3-diketones are light sensitive and slowly 
decompose in acetonitrile solution. Distances between gold atoms are even longer 
than in the case of Au–acetonyl complex 9, indicating less strong aurophilic 
interactions. The relevant distances Au–CH2, CH2–CO, C=O are in agreement with 
previously reported Au–acetonyl complexes.124 The rigidity of the structures for 
complexes 11 and 12 is maintained in solution: substituents on the C4 of the enolate 
form of 1,3-cyclohexanedione and on C3 for the deprotonated Meldrum’s acid could 
be distinguished by 1H NMR. 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
123.  Acetone (pKa(DMSO) = 24.6); all the data taken form Bordwell pKa Table (Acidity in 
DMSO). 
124.  (a) de Frémont, P.; Scott, N. M.; Stevens, E. D.; Nolan, S. P. Organometallics 2005, 24, 
2411–2418. (b) Fan, D.; Meléndez, E.; Ranford, J. D.; Lee, P. F.; Vittal, J. J. J. Organomet. 
Chem. 2004, 689, 2969–2974. (c) Ito, Y.; Inouye, M.; Suginome, M.; Murakami, M. J. 
Organomet. Chem. 1988, 342, C41–C44. (d) Murakami, M.; Inouye, M.; Suginome, M.; Ito, 
Y. Bull. Chem. Soc. Jpn. 1988, 61, 3649–3652. 
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Figure 12. X-Ray crystal structures of complexes 10 (top-left), 11 (top-right) and 12 (bottom); solvent 
molecules and anions omitted for clarity. 
 
However, non-cyclic 1,3-diketones (acetylacetone (pKa(DMSO) = 13.3), dibenzyl-
ketone (pKa(DMSO) = 13.4)), dimethylmalonate (pKa(DMSO) = 15.9) and malono-
nitrile (pKa(DMSO) = 11.1) did not show the same reactivity. In the two last cases the 
clear formation of complex 4 was observed by 1H and 31P {1H} NMR. The reason 
might be higher pKa values and/or a lack of rigidity in the final structures to allow for 
their formation. 
Following Nolan’s study we were also wondering about the reactivity of the obtained 
complexes. Unclear NMR data were obtained when complex 9 was reacted with 
phenylacetylene. No reaction (under Nolan’s conditions: heating at 80 ºC)112 was 
observed with phenylacetylene. In comparison, the reaction of Nolan’s 
(NHC)Au−acetonyl complex required heating at 80 ºC to form the corresponding 
acetylenide complex in a good yield. When complex 9 was treated with thiophenol, 
the formation of the starting material – complex 3 was detected by 1H and 31P {1H} 
NMR. 
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DPPPY–Gold(I) Complexes: Nitrile Hydrolysis 
 
Interesting results were obtained while optimizing the reaction conditions for the 
formation of DPPPY-Au−ketonyl complexes and performing related blank 
experiments. The reaction of complex 3 with two equivalents of silver(I) oxide in 
acetonitrile gave clean formation of a new complex with two new singlets in 31P {1H} 
NMR and an additional singlet-peak in 1H NMR. While we were attempting to get 
suitable crystals for X-ray analysis, we performed the same reaction with copper(I) 
and copper(II) oxides. Whereas in the latter case no reaction was observed, copper(I) 
oxide gave us a very similar new complex, with almost identical NMR spectra (Figure 
13).	  
We decided to test the influence of the solvent for the described transformation: when 
THF was used instead of acetonitrile only the starting material (complex 3) was 
recovered, with CH2Cl2 the observed complex was formed though only in small 
amounts. 
Finally, good quality crystals were obtained which allowed us to unravel the 
structures of the unknown compounds. They were found to be pentanuclear 
heterometallic Au4Ag and Au4Cu complexes 13 and 14 with two acetates ligands as 
linkers between metal centers (Figure 14). 
 
 Complex 3 Product after reac. 
 with Ag2O 
Product after reac. 
with Cu2O 
1H NMR 
(CD2Cl2) 
  
 
31P {1H} 
NMR 
(CD2Cl2)
 
 
37.9, 39.7 ppm 
 
38.4, 35.5 ppm 
 
39.2, 34.8 ppm 
 
Figure 13. Comparison of the 1H and 31P {1H} NMR of the complex 3 and two new obtained 
complexes. 
To the best of our knowledge, no Au(I)–M(I) (M(I) = Ag, Cu) complexes with this 
trapezoidal structure have been reported so far. The bases of the formed trapezoid 
consist of almost linear Au2−Au3 and Au1−M−Au4 (M = Ag, Cu) fragments, legs − 
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of Au1−Au2 and Au3−Au4 bonds. In comparison to complex 3, aurophilic 
interactions are stronger in both new complexes along with significant metallophilic 
interactions (all distances between Au−Cu and Au−Ag are smaller than the sum of 
their van der Waals radii: 3.06 for (Cu+Au) and 3.38 for (Ag+Au)).125 
 
 
 
main distances, Å:    main distances, Å: 
Au1−Au2 = 3.129(5) Au3−Ag = 3.160(0) Au1−Au2 = 3.069(9) Au3−Cu = 3.034(1) 
Au2−Au3 = 2.829(1) Au4−Ag = 3.135(0) Au2−Au3 = 2.805(5) Au4−Cu = 2.913(9) 
Au3−Au4 = 3.209(4) Au1−O1 = 2.030(0) Au3−Au4 = 3.157(7) Au1−O1 = 2.039(1) 
Au1−Ag = 3.052(4) Ag−O2 = 2.146(1) Au1−Cu = 2.882(1) Cu−O2 = 1.851(1) 
Au2−Ag = 3.081(3)    Au2−Cu = 3.034(7) 
 
Figure 14. X-Ray crystal structures of complexes 13 (left) and 14 (right); solvent molecules and anions 
omitted for clarity. 
The Ag−Au contacts in 13 (3.052−3.160 Å) are slightly longer than for example 
[Au3Ag(µ3-O)(PPh2py)3] (PPh2py = diphenylphosphine-2-pyridine) cluster (2.898-
2.969 Å) reported by Laguna and Eisenberg in 2004.96. The listed bond lengths of 
Cu−Au fall within the range found for analogous bimetallic compounds, for example 
{[HC(PPh2)3Au3Cu(C2R)3]BF4}with an average of 3.06 Å.126 
It is also the first time that an acetate ligand serves as a linker between Au(I) and 
Ag(I) or Cu(I). Mononuclear gold(I) acetate complexes have been described in 
literature before.127 N-heterocyclic carbene gold(I) acetate features a similar Au–O 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
125.  http://periodictable.com/Properties/A/VanDerWaalsRadius.v.htmL 
126.  Shakirova, J. R.; Grachova, E. V.; Melnikov, A. S.; Gurzhiy, V. V.; Tunik, S. P.; Haukka, M.; 
Pakkanen, T. A.; Koshevoy, I. O. Organometallics 2013, 32 (15), 4061–4069.  
127.  (a) Kuz'mina, L.G. Zhur. Neorgan. Khim. 1993, 38(6), 990–993. (b) Jones, P. G. Acta 
Crystallogr. 1984, C40, 1320–1322. (b) Nichols, D. I.; Charleston, A. S. J. Chem. Soc. A 
1969, 2581–2583. (c) Jones, P. G.; Schelbach, R. J. Chem. Soc. Chem. Commun. 1988, 1338–
1339. (d) Jones, P. G.; Schelbach, R. Inorg. Chim. Acta 1991, 182, 239. (e) Sladek, A.; 
Schneider, W.; Angermaier, K.; Bauer, A.; Schmidbaur, H. Z. Naturforsch. 1996, 51b, 765–
773. (f) Lakomska, I.; Grodzicki, A.; Szlyk, E. Pol. J. Chem. 1998, 72, 492–497. (i) Roembke, 
P.; Schier, A.; Schmidbaur, H. Z. Naturforsch. 2002, 57b, 605–609. 
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distance of 2.040(4) Å, which is in line with the majority of (phosphine)gold(I)-
carboxylates (Figure 15). Depending on the electronegativity of the substituents, the 
Au–O distances in the phosphine complexes are between 2.038 and 2.107 Å. The P-
Au-O1 angles of 175.9º (13) and 174.9º (14) are similar to the 177.3° found in 
(triphenylphosphine)gold(I) acetate. 
 
 
 
 
Figure 15. Previously reported carbene-Au(I) acetate complex. 
 
Whereas for gold(I) the µ2-OAc had not been found before, silver acetate and 
copper(I) are dimeric species containing a bridging acetate ligand ((CuOAc)2128 and 
Ag(OAc)2129). However, the distances obtained in complexes 13 and 14 between O2–
M (M = Ag, Cu) are shorter than the ones observed in acetate salts: 2.15 vs 2.24 Å for 
complex 13 and 1.85 vs 1.97 Å for complex 14.  
With this new information on the obtained structures we reinvestigated our NMR 
data. After carefully analyzing the spectra, we indeed observed singlets at 1.64 in 
CD2Cl2 in 1H NMR (Figure 16), that integrated as three protons. In accordance to one 
molecule of diphosphine ligand, further clues where found in 13C NMR with peaks at 
181.9 and 175.7. However, it still remained unclear where these acetates originate 
from (Scheme 10). 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
128.  The structure of CuOAc consists of infinite planar chains of binuclear dimeric units, 
Cu2(OOCCH3)2, which are bridged through copper and oxygen atoms to form a polymer. Each 
copper atom is bonded to three oxygen atoms and another copper atom in a distorted square-
planar configuration. The Cu–Cu distance of 2.556 Å is significantly shorter than the Cu-Cu 
distances found in any of the binuclear units of copper(II) carboxylates: Mounts, R. D.; Ogura, 
T.; Fernando, Q. Inorg. Chem. 1974, 13, 802–805.	  	  
129.  The structure of silver acetate comprises the often-observed Ag2(carboxylate)2 dimer unit 
connected by interdimer Ag–O bonds to form infinite chains that align in a parallel fashion, 
forming stacks: Olson, L. P.; Whitcomb, D. R.; Rajeswaran, M.; Blanton, T. N.; Stwertka, B. J. 
Chem. Mater. 2006, 18, 1667–1674. 
N N
Ph
Ph Au
O
O
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
 
Chapter II: The Intriguing Reactivity of a Linear Tetranuclear Au(I) Complex with PNP Ligands 	  
152 
 
 
Figure 16. Comparison of 1H NMR spectra in CD2Cl2 of the complexes 3 and 13. 
 
Based on the most common ''two–metal–mechanism'' (Figure 6) we assumed that 
acetate is the product of two metal hydrolysis of acetonitrile (Figure 17). 
 
 
 
Scheme 10. Formation of heterometallic pentanuclear complexes 13 and 14. 
 
Several experiments where performed to prove this mechanism. First, the acetonitrile 
used for the reaction was wet, which means water was present in the reaction mixture. 
Attempts to obtain the same complexes 13 and 14 under strictly anhydrous conditions 
failed. Next, as a proof of concept, complex 3 was dissolved in propionitrile and 
reactions with both silver(I) oxide and copper(I) oxide were performed. To our 
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delight, both reactions led us to the expected products: pentanuclear heterometallic 
complexes 15 and 16 with two propionate anions as linkers between metal centers 
were obtained in good yields of 80% and 75% respectively (Scheme 11). 
 
 
 
Figure 17. 'Two–metal–mechanism' for the formation of complexes 13 and 14. 
 
Complexes were purified by recrystallization through gas phase diffusion of 
CH2Cl2/pentane forming yellow-orange crystalline solids. Unfortunately, the obtained 
crystals for both complexes were rapidly losing solvent, making it impossible to 
obtain suitable X-ray data. Only a Res file was obtained for complex 16. 
 
 
 
Scheme 11. Formation of heterometallic pentanuclear complexes 15 and 16. 
 
Structures of complexes 15 and 16 in solution were confirmed by 1H, 13C and 31P 
{1H} NMR in CD2Cl2 (Figure 18).  
  
NPh2P PPh2
Au Au
Ph2P N PPh2
AuAu
N
N
(SbF6)44+
3
2 equiv. M2O
EtCN, 25 ºC, 12 h
15 (M = Ag), 80%
16 (M = Cu), 75%
N
Ph2P
Ph2
P
Au Au
AuAu
NPh2P
PPh2
M
O O O O
(SbF6)33+
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
 
Chapter II: The Intriguing Reactivity of a Linear Tetranuclear Au(I) Complex with PNP Ligands 	  
154 
 
 
Figure 18. 1H NMR data in CD2Cl2 of complex 16: 2H at 1.81(q.) and 3H at 0.82 (t.) belong to the 
propionate. 
The FTIR (ATR) spectra showed strong absorption bands at 1537 and 1379 cm–1, 
corresponding to the stretching frequency of the carboxylate group, in agreement with 
previously reported Ag2(carboxylate)2 salts. In addition, the structure of complex 16 
was supported by elemental analysis.  
We were curious to see if the observed reactivity of Au–M (M = Ag, Cu) nitrile 
hydrolysis is a special feature of complex 3 or if a mononuclear cationic gold(I) 
phosphine complexes can perform the same transformation. [JohnPhosAuNCMe]-
(SbF6) was selected to test this hypothesis (Scheme 12). After 12 h ca. 50% 
conversion to the hydroxo digold complex [JohnPhosAu2(µ2-OH)](SbF6) described in 
literature 130  was observed by 1H NMR (typical broad signal at 0.33 ppm, 
corresponding to µ2-OH) and 31P {1H} (singlet at 59.1 ppm). No formation of other 
complexes was detected by 1H and 31P {1H} NMR. 
 
 
 
Scheme 12. Formation of [JohnPhosAu2(µ2-OH)](SbF6) in 'wet' acetonitrile. 
 
To expand the scope of the discovered transformation we performed the same 
reaction in benzonitrile. However, the formed product had very low solubility in 
CH2Cl2.  
We assumed that the synthesis of the same type of complexes (13–16) should be 
possible in a more direct way: skipping the nitrile hydrolysis part. Therefore, two 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
130.  Adriaenssens, L.; Escribano-Cuesta, A.; Homs, A.; Echavarren, A. M.; Ballester, P. Eur. J. Org. 
Chem. 2013, 1494–1500. 
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equivalents of silver acetate and copper acetate were mixed with complex 3 (both 
salts were selected as they are commercially available). This reaction failed to give 
clear results when performed in acetonitrile, but CH2Cl2 and THF both proved to be 
better solvents, giving the expected dicarboxylate pentanuclear complexes in good 
yields (13 (83%), 14 (70%), Scheme 13). It is worth mentioning that for the reaction 
to proceed with a good yield vigorous stirring and dry solvent were required. It is also 
necessary to comment that when complexes 13 and 14 are synthesized through the 
hydrolysis-based way (Method A), the monohydrate of the complex is obtained. 
Careful comparison of 1H NMR data showed the presence of an additional signal – a 
singlet (2H) of one molecule of water per one molecule of complex. This peak was 
found in all complexes synthesized by Method A. However, after the addition of a 
small amount of D2O and shaking, the presence of the singlet was no longer observed 
in 1H NMR (Scheme 13). 
 
 
 
 
 
Scheme 13 (top). Direct synthesis of complexes 13 and 14 (Method B); 
(bottom) Comparison of the 1H NMR spectra of complex 13 synthesized by Methods A and B 
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Application of Method B (Scheme 13, top) allowed us to get one more example: 
reaction of complex 3 with two equivalents of AgOBz gave us complex 17 in a good 
yield of 85% (Scheme 13). Complex 17 obtained by Method B has better solubility, 
allowing for complete characterization. However, the quality of the obtained crystals 
did not allow us to get CIF data.  
Best results in mass spectrometry analysis for all five complexes were obtained by 
applying the MALDI method with a dctb matrix. After ionization, all complexes were 
losing [Au2(carboxylate)2SbF6]– apart from complex 14: [Au(OAc)2SbF6] 2– was 
observed in this case. Isotopic patterns of all found cations were in agreement with the 
calculated ones131 (Figure 19). 
 
Complex 15: [C58H46AgAu2F12N2P4Sb2]+ : 1864.8873; found: 1864.9069  
 
 
Complex 16: [C58H46Au2CuF12N2P4Sb2]+: 1820.9118; found: 1820.9143  
 
 
Figure 19. HRMS MALDI spectra of complexes 15 and 16: found and calculated. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
131.  For isotopic pattern calculations: http://www.envipat.eawag.ch/index.php 
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We also compared photophysical properties of the synthesized complexes 13–17. For 
all complexes, a redshift of the emission maximum was observed by dissolving in 
CH2Cl2 (Table 2, experimental part). In the solid state, the complexes with copper 14 
and 16 have more redshifted maximums than the complexes with silver (13 and 17 
respectively). However, in CH2Cl2 solution all maximums are close to each other. 
As was mentioned in the Introduction to this chapter, hydrolysis of nitriles by metal 
catalysis is a very important area of research. We were considering the possibility of 
making the reaction described above catalytic in gold–silver or gold–copper. 
Unfortunately, we were not able to find suitable conditions; the synthesized 
complexes were either found to be too stable, too reactive or insoluble. First, the 
synthetic Method B did not work when acetonitrile was used as a solvent, which 
meant that returning the newly synthesized complexes into the catalytic cycle by 
disconnecting them into an Ag(Cu)carboxylate and the Au4 fragment would not return 
us the pentanuclear complex. Second, during the optimization of the reaction 
conditions for Method A, unclear NMR data were obtained for the isolated 
compounds when more than two equivalents of M2O (M = Ag, Cu) were used. This 
implies that only making the reaction catalytic in gold (but not in silver or copper) 
will not lead to success. Last, when the reaction between complex 3 and AgOBz was 
performed at elevated temperatures or with the use of sonication, instead of the 
formation of complex 17, complex 13 was isolated (product of hydrolysis of two 
acetonitrile molecules attached to the two terminal gold centers in complex 3). No 
mixed carboxylate complex was detected in this case, proving the stability of complex 
13. If pentanuclear heterometallic complexes are dissolved in acetone the formation 
of Au4–acetonyl complex 5 was observed with time. Finally, the synthesized 
complexes were almost insoluble in CHCl3, THF, benzene or alcohols and 
decomposing to complex 4 while being dissolved in highly coordinating solvents such 
as dimethyl sulfoxide or nitromethane. 
However, their successful application in catalysis was found for the oxidative 
carbonylation of primary amines producing industrially important products: ureas.132 
 
'High-carat Gold Complex'133 
 
As was mentioned in the General Introduction to this Doctoral Thesis, the chloride 
abstraction with silver salts in the absence of coordinating solvents or anions leads to 
the formation of different types of complexes. To test this statement in our case, we 
performed the reaction of the formation of complex 3 in the absence of acetonitrile 
(Scheme 14). First approach (Scheme 14-B) – dissolving AgSbF6 in CH2Cl2 and 
adding this solution to the solution of digold complex 1 in tetrachloroethane at room 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
132.  Chapter III of this Doctoral Thesis is devoted to this topic. 
133.  The name of this part in Chapter II is taken from the Prof. H. Schmidbaur Ludwig Mond 
lecture, 1995. This lecture-review is devoted to the auriophilicity and the polynuclear gold 
compounds being built by it: Schmidbaur, H. Chem. Soc. Rev. 1995, 24, 391–400. 
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temperature, which gave us the formation of an insoluble white solid (presumably 
AgCl) alongside the formation of gold(0). The reaction mixture in this case did not 
change its color to yellow, as was observed in the original synthetic route A (Scheme 
14-A). When propionitrile was used instead of acetonitrile to dissolve the AgSbF6 and 
its amount was decreased seven times, the reaction mixture changed its color to 
yellow. Identical work-up as for complex 3 through filtration over celite and washing 
several times with CH2Cl2 gave a yellow solid. The isolated product was insoluble in 
CH2Cl2 or acetone. When acetonitrile was used two species were observed by 1H and 
31P {1H} NMR. One of them was identified to be complex 4, the second one was a 
new compound with 2 singlets in 31P {1H} NMR and a certain pattern of signals in 1H 
NMR that closely resembled complexes 13 and 14, although no peaks were observed 
in the aliphatic part of the spectrum. Assuming that the use of a coordinating solvent 
might change the original structure of a new complex, we decided to change the anion 
of the complex in order to increase the solubility of the final product. Silver 
tetrafluoroborate was selected for this experiment. To our delight, the isolated 
complex from the reaction with AgBF4 was soluble in CH2Cl2 and recrystallization by 
slow gas phase diffusion of CH2Cl2/pentane gave us yellow needles. The formed 
complex appeared to be a µ2-dihydroxy-[Au4(DPPPY)2]2 hexatetrafluoroborate, 
complex 18, the 'Au8 ring' name was given to this compound due to its cyclic almost 
flat geometry.  
To the best of our knowledge, it is the first time when a gold complex forms this 
octanuclear framework by aurophilic interactions. The complex was found to keep its 
structural motive after being dissolved in non- or weakly coordinating solvents such 
as THF or CH2Cl2 (acetone, acetonitrile, DMSO and nitromethane should be 
avoided). This was proven by 1H, 31P{1H}, 2D HMBQ 13C–1H NMR and ESI mass 
spectrometry (Figure 20). 
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Scheme 14. Influence of the type of coordinating solvent and its amount on the reaction outcome: 
formation of complexes 18 and 19. 
 
A singlet at 5.33 ppm in 1H NMR (CD2Cl2) was found to correspond to a µ2-OH–, no 
carbon corresponding to this signal was found in a 2D HMBQ 13C–1H NMR 
experiment. Two singlets in 31P{1H} NMR demonstrate two types of phosphorous in 
the complex, the chemical shifts of these signals differ from complex 3. In ESI mass 
spectrum two peaks corresponding to the molecular cation with a loss of either two or 
three BF4– anions were detected, the isotope pattern of both signals matched with the 
calculated ones. 
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Figure 20. Structural prove of complex 18 in CH2Cl2 solution. 
 
We decided to try to obtain crystals for the formed complex after chloride abstraction 
with a propionitrile solution of AgSbF6. This was done by concentrating the reaction 
mixture followed by dilution with CH2Cl2 and THF by slow gas phase diffusion with 
THF. To our delight the obtained crystals (complex 19) were suitable for X-ray 
analysis (Figure 21). Due to the large amount of highly disordered solvent molecules 
(THF occupied the ring space) it was necessary to use the program SQUEEZE.134 The 
distances between two OH-bridged gold centers in the complex 19 are 3.081(5) and 
3.075(2) Å, which is shorter than the one in hydroxo-bis[JohnPhosAu] 
tetrafluoroborate of 3.278(2) Å.135 Au–OH distances are slightly longer than in the 
previously mentioned digold complex 2.056(1) vs 2.049(1) Å.  
The aurophilic interactions in complex 18 are stronger than in the 'Au4 wire' - 
complex 3 and in the Au8 zig-zag shaped complex 2 in the solid state. However, the 
maximum of the luminescence in the solid state for complex 2 is almost 40 nm more 
redshifted than for complex 19, that might be explained by additional Au–Cl 
interactions in complex 2 which also influences the emission (see Experimental Part 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
134.  A.L.Spek (2010) PLATON, A Multipurpose Crystallographic Tool, Utrecht University, 
Utrecht, The Netherlands. Squeeze: van der Sluis, P.; Spek, A. L. Acta Cryst. 1990, A46, 194–
201.  
135.  Homs, A.; Escofet, I.; Echavarren, A. M. Org. Lett. 2013, 15, 5782–5785. 
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for further details). In case of complex 19, hexafluoroantimonate in the solid state 
competes with [OH]– for coordination to the gold centers. On one side two terminal 
gold centers are bridged by an [OH]–, on another side by [SbF6]–, in the next molecule 
the coordination on each side is the opposite. The second [OH]– is free and 
delocalized between solvent molecules. It is not the first example of [SbF6]– 
coordinated to a gold center via F. 136  However, in our case the fluorine of 
hexafluoroantimonate is in a µ2-coordination mode. Nolan also observed coordination 
of bridged µ2-PF4– (the fragment of anion decomposition of PF6–) to two separate 
gold-carbene species.137  
The obtained clusters are structurally unique and of interest in their own regard, 
though we also wanted to explore their catalytic potential in the cycloisomerization of 
1,6-enynes. Monitoring the reaction (with 2 mol% of complex 18) by 1H NMR in 
CD2Cl2 at 25 ºC, we found the initial rate was 2.56 • 10-4 mol•L-1•sec-1, that is ca. 3 
times slower than for the [JohnPhosAuNCMe](SbF6)138 and full conversion was 
reached after 90 minutes (See Experimental Part).  
 
  
 
Figure 21. X-Ray crystal structures of complexes 18 (left) and 19 (right); solvent molecules and anions 
(partially) omitted for clarity. 
 
The obtained product was an anti-5-exo-dig product along with its isomerization 
products, A1 and A2 as in the case of complex 3 (Scheme 8, 64% NMR yield, 3:1 
ratio). The product of the [2+4] cycloaddition (D to D1, Scheme 8) was obtained in 
61% yield after 12 hours. The reactivity of complex 18 was also tested in the 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
136.  trans-[AuXe2F]2[SbF6][Sb2F11], Au–F1 187.8(3) pm: Drews, T.; Seidel, S.; Seppelt, K. 
Angew. Chem. Int. Ed. 2002, 41, 454–456. 
137.  de Frémont, P.; Marion, N.; Nolan, S. P. J. of Organomet. Chem. 2009, 694, 551–560. 
138.  Thesis of Cristina Nieto Oberhuber, 2006, Universidad Autónoma de Madrid-ICIQ, 2006. 
initial rate at 25 ºC 7.20 • 10-4 mol•L-1•sec-1, we assume that in both cases reaction is pseudo-
first order. 
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oxidative carbonylation of primary amines.139 
It is also necessary to mention that complexes 18 and 19 were obtained in unusually 
mild conditions for these µ2-OHAu2Ln type of complexes. To obtain µ2-
OH[AuJohnPhos]BF4 quantitatively, it was necessary to suspense the starting 
complex [AuJohnPhos(NCMe)]BF4 in water and stir under air at 60 ºC for 72 hours 
(reaction performed in CH2Cl2 at room temperature after 18 h gave only 17% of this 
complex).135 In the case of Nolan´s carbene OH-monogold complexes, also heating 
and larger amount of water were required. Some of the complexes, for example 
[Au(IMes)(OH)] (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene) were 
found to be air and moisture sensitive. In contrast to these examples, both complexes 
18 and 19 are stable in solution and can be handled under ambient atmosphere.  
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Conclusions 
 
A diverse chemistry of Gold(I)–DPPPY has been described in this chapter. The highly 
electrophilic Au4 complex 3 has been fully characterized and proved to be a useful 
precursor for several transformations: formation of stable pseudo-square acetonyl and 
1,3-diketonyl complexes and the stoichiometric hydrolysis of nitriles in the presence 
of silver(I) or copper(I) oxides. The latter led to pentanuclear heterometallic 
complexes with unprecedented bridged carboxylate ligands between Au(I)–Ag(I) and 
Au(I)–Cu(I), reactivity of those will be discussed in the next chapter. Chloride 
abstraction in the presence of propionitrile led to the formation of a plain Au8 
complex, with an almost planar octanuclear structure. 	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Experimental Part 
 
General Information 
 
The general information is provided in the experimental part of the first chapter. 
 
  
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
 
Chapter II: The Intriguing Reactivity of a Linear Tetranuclear Au(I) Complex with PNP Ligands 	  
165 
Synthesis of Linear Tetranuclear Gold(I) Complexes  	  
Dichloro[2,6-bis(diphenylphosphino)pyridine]digold (I), 1 	  
 	  
To a solution of [AuCl(tht)] (320.5 mg, 1.000 mmol) in CH2Cl2 (25 mL) was added 
the diphosphine ligand (224.0 mg, 0.501 mmol) in CH2Cl2 (25 mL) at room 
temperature and the mixture was stirred for 1 h. An insoluble white precipitate formed 
that was collected by vacuum filtration, washed with CH2Cl2 (10 mL) and vacuum 
dried to give the product as a white solid (447.0 mg, 98%). 
1H NMR (500 MHz, 1,1,2,2-tetrachloroethane-d2) δ 8.18 – 8.08 (m, 2H), 8.04 – 7.91 
(m, 1H), 7.72 –7.28 (m, 20H). 31P {1H} NMR (202 MHz, 1,1,2,2-tetrachloroethane-
d2) δ 34.76 (s). Anal. Calc. (%) for [C29H23Au2Cl2NP2]: %C 38.18, %H 2.54, %N 
1.54; found: %C 37.15, %H 2.65, %N 1.64. 
Dichloro{bis[2,6-bis(diphenylphosphino)pyridine]}tetragold dihexafluoro-
antimonate(I), 2 	  
 	  
A suspension of complex 1 (127.0 mg, 0.139 mmol) in 1,1,2,2-tetrachloroethane (20 
mL) was heated (130 ºC) until a clear solution was obtained. The solution was cooled 
down to room temperature and MeCN (2 mL) was added. A solution of AgSbF6 
(47.76 mg, 0.139 mmol) in MeCN (5 mL) was added via syringe and the resulting 
yellow solution was stirred for 2 h. The volatiles were removed under high vacuum. 
The residue was dissolved in CH2Cl2 and filtered through a pad of celite to give a 
clear yellow solution. Ethyl ether (10 mL) was added to precipitate a yellow solid, 
which was filtered and washed with Et2O (2x10 mL) and then dried under high 
vacuum overnight (129.9 mg, 84%). 
1H NMR (500 MHz, CD2Cl2) δ 8.27 (tt, J = 8.1, 2.5 Hz, 2H), 7.82 – 7.45 (m, 38H), 
7.16 (br. s, 6H). 31P {1H} NMR (202 MHz, CD2Cl2) δ 42.30 (s, 2P), 38.02 (s, 2P). 
HRMS (MALDI, dctb): calculated for m/z for [C58H46Au4Cl2N2P4SbF6]+, [M–SbF6–
NPh2P PPh2
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]+: 1986.9593; found: 1986.9602. Anal. Calc. (%) for [C58H46Au4Cl2F12N2P4Sb2]: 
%C 31.31, %H 2.08, %N 1.26; found: %C 32.12, %H 2.52, %N 1.34. X-Ray quality 
crystals were obtained by slow diffusion of pentane into a solution of the complex in 
CH2Cl2. 
{Bis(acetonitrile)bis[2,6-bis(diphenylphosphino)pyridine]}tetragold (I) tetra-
hexafluoroantimonate, 3 
 	  
A suspension of complex 1 (254.0 mg, 0.278 mmol) in 1,1,2,2-tetrachloroethane (25 
mL) was heated (130 ºC) until a clear solution was obtained. The solution was cooled 
down to room temperature and MeCN (2 mL) was added. A solution of AgSbF6 
(192.0 mg, 0.556 mmol) in MeCN (5 mL) was added via syringe and the resulting 
yellow solution was stirred for 2 h. The volatiles were removed under high vacuum. 
The residue was dissolved in CH2Cl2 (10 mL) and filtered through a pad of celite to 
give a clear yellow solution. Ethyl ether (30 mL) was added to precipitate a yellow 
solid which was filtered and washed with Et2O (2x30 mL) and then dried under high 
vacuum overnight (308.6 mg, 82%). 
1H NMR (500 MHz, CD2Cl2) δ 8.33 (tt, J = 8.1, 2.5 Hz, 2H), 7.94 – 6.96 (m, 44H), 
2.34 (s, 6H). 31P {1H} NMR (202 MHz, CD2Cl2) δ 39.17 (s, 2P), 37.93 (s, 2P). Anal. 
Calc. (%) for [C62H52Au4F24N4P4Sb4]: %C 27.50, %H 1.94, %N, 2.07; found: %C 
26.24, %H 2.17, %N 1.95. X-Ray quality crystals were obtained by slow diffusion of 
pentane into a solution of the complex in CH2Cl2. 
 
{Bis[2,6-bis(diphenylphosphino)pyridine]}digold (I) dihexafluoroantimonate, 4 
 
 
 
To a solution of a diphosphine ligand (89.49 mg, 0.200 mmol) in CH2Cl2 (5 mL) was 
added [Au(tmbn)2]SbF6 (163.8 mg, 0.200 mmol) and the mixture stirred for 2 h. The 
solution was filtered through a Teflon HPLC filter and the filtrate concentrated under 
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reduced pressure to approximately 1 mL. Pentane (5 mL) was added to precipitate an 
off-white solid which was collected and vacuum dried to give the crude product 
which still contained traces of 2,4,6-trimethoxybenzonitrile (tmbn). Several 
recrystallizations with CH2Cl2/pentane gave the product (126.7 mg, 72%).  
1H NMR (500 MHz, CD2Cl2) δ 7.93 (tt, J = 7.9, 1.9 Hz, 2H), 7.73 – 7.48 (m, 40H), 
7.24 (dt, J = 7.9, 1.5 Hz, 4H). 31P {1H} NMR (202 MHz, CD2Cl2) δ 46.76. MALDI 
(dctb): m/z for [C58H46Au2P4F6Sb]+, [M–SbF6–]+: 1523.1; found 1523.1. X-Ray 
quality crystals were obtained by slow diffusion of pentane into a solution of the 
complex in CH2Cl2. 
 
{Bis[2,6-bis(diphenylphosphino)pyridine]bis(2,4,6-trimethoxybenzonitrile)} 
tetragold (I) tetrahexafluoroantimonate, 5  	  
 
 
To a solution of diphosphine ligand (134.4 mg, 0.300 mmol) in CH2Cl2 (5 mL) was 
added [Au(tmbn)2]SbF6 (500.0 mg, 0.610 mmol) and the solution was stirred for 3 h. 
The bright yellow solution was filtered through celite and the filtrate dried under 
reduced pressure. The residue was dissolved in 40 mL of CH2Cl2, followed by 
addition of CHCl3 (20 mL) and Et2O (20 mL) to precipitate a bright yellow solid that 
was collected by vacuum filtration, washed with pentane and vacuum dried to give 
the product as a bright yellow solid (338.9 g, 75%). 
1H NMR (400 MHz, MeCN–d3) δ 8.20 (tt, J = 8.0, 3.0 Hz, 2H), 7.78 – 7.75 (m, 12H), 
7.61 – 7.58 (m, 16H), 7.44 – 7.39 (m, 16H), 6.23 (s, 4H), 3.90 (s, 12H), 3.89 (s, 6H). 
31P {1H} NMR (162 MHz, MeCN–d3) δ 37.22 (br. s.). 31P {1H} NMR (202 MHz, 
CD2Cl2) δ 40.17 (s, 1P), 38.48 (s, 1P). Anal. Calc. (%) for 
[C78H68Au4F24N4O6P4Sb4]: %C 31.10, %H 2.28, %N 1.86; found: %C 30.67, %H 
2.31, %N, 1.92. FTIR(ATR): 2245 cm-1 (C=O). X-Ray quality crystals were 
obtained by slow diffusion of pentane into a solution of the complex in CH2Cl2. 
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{Bis(triflimide)bis[2,6-bis(diphenylphosphino)pyridine]}tetragold (I) ditriflimide, 
6 	  
 	  
A suspension of complex 1 (254.0 mg, 0.278 mmol) in 1,1,2,2-tetrachloroethane (25 
mL) was heated (130 ºC) until a clear solution was obtained. The solution was cooled 
down to room temperature and MeCN (2 mL) was added. A solution of AgNTf2 
(215.7 mg, 0.556 mmol) in MeCN (3 mL) was added via syringe and the resulting 
yellow solution was stirred for 2 h. The volatiles were removed under high vacuum. 
The residue was dissolved in CH2Cl2 (10 mL) and filtered through a pad of celite to 
give a clear yellow solution. Ethyl ether (30 mL) was added to precipitate a yellow 
solid which was filtered and washed with Et2O (2x30 mL) and then dried under high 
vacuum overnight (272.8 mg, 70%). 
1H NMR (400 MHz, CD2Cl2) δ 8.31 (tt, J = 6.7, 2.2 Hz, 2H), 7.77 – 7.40 (m, 22H). 
31P {1H} NMR (162 MHz, CD2Cl2) δ 36.17 (s, 1P), 37.17 (s, 1P). 13C NMR (101 
MHz, CD2Cl2) δ 158.8 (d, J (13C – 31P) = 9.1 Hz, C), 158.2 (d, J (13C – 31P) = 9.1 Hz, 
C), 156.2 (d, J (13C – 31P) = 11.1 Hz, C), 155.5 (d, J (13C – 31P) = 12.1 Hz, C), 145.0 
(s, CH), 136.1 – 134.9 (m, CH), 131.3 – 131.2 (m, CH), 130.1 – 129.8 (m, CH), 126.5 
(s, C), 125.9 (s, C), 123.9 (s, C), 122.6 (s, C), 122.1 (s, C), 121.4 (s, C), 118.8 (s, C). 
19F {1H} NMR (376 MHz, CD2Cl2) δ –75.7 – –78.4 (m, NTf2). HRMS (ESI): 
calculated for m/z for [C60H46Au2F6N3O4P4S2]+, [M–Au2(NTf2–)3]+: 1568.1075; 
found: 1568.1110. X-Ray quality crystals were obtained by slow diffusion of diethyl 
ether into a solution of the complex in CH2Cl2. 
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{Bis[3,5-bis(trifluoromethyl)phenyl]bis[2,6-bis(diphenylphosphino) 
pyridine]}tetragold (I) tetrakis[3,5-bis(trifluoromethyl)phenyl]borate, 7 
 
 
 
A suspension of complex 1 (254.0 mg, 0.278 mmol) in 1,1,2,2-tetrachloroethane (25 
mL) was heated (130 ºC) until a clear solution was obtained. The solution was cooled 
down to room temperature and MeCN (2 mL) was added. A solution of NaBArF 
(615.9 mg, 0.695 mmol) in MeCN (4 mL) was added via syringe and the resulting 
yellow solution was stirred for 2 h. The volatiles were removed under high vacuum. 
The residue was dissolved in CH2Cl2 (10 mL) and filtered through a pad of celite to 
give a clear yellow solution. Pentane (30 mL) was added to precipitate a yellow solid 
which was filtered and washed with pentane (2x30 mL) and then dried under high 
vacuum overnight (289.2 mg, 70%). 
1H NMR (400 MHz, CD2Cl2) δ 7.85 – 7.81 (m, 2H), 7.76 – 7.63 (m, 18H), 7.60 – 
7.50 (m, 11H), 7.47 – 7.41 (m, 3H), 7.21 (s, 1H), 7.09 (br. s., 1H), 7.04 – 7.01 (m, 
2H). 31P {1H} NMR (162 MHz, CD2Cl2) δ 43.26 (s). 19F {1H} NMR (376 MHz, 
CD2Cl2) δ –62.51(s, 1F), –62.96 (s, 4F). HRMS (MALDI, dctb): Calc for 
[C106H64Au4BF36N2P4]+, [M–BArF–]+: 2971.2195; found: 2971.2152. X-Ray quality 
crystals were obtained by slow diffusion of pentane into a solution of the complex in 
CH2Cl2. Anal. Calc. (%) for [C64H56Au4CuF18N2O4P4Sb3]: %C 43.22, %H 2.00, %N 
0.73; found: %C 42.81, %H 2.21, %N 0.80. 
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{Bis(phenyl)bis[2,6-bis(diphenylphosphino)pyridine]}tetragold (I) 
dihexafluoroantimonate, 8 
 
 
 
A mixture of complex 3 (40.62 mg, 0.015 mmol) and trimethyl(phenyl)tin (14.5 mg. 
0.06 mmol) in CH2Cl2 (5 mL) was stirred for 3 h at 25 ºC. The reaction mixture, after 
becoming an intense dark orange color, was filtered through a Teflon HPLC filter and 
concentrated in vacuo. The product was dissolved in MeCN and filtrated through 
celite with KF, then recrystallized by gas-phase diffusion of ether into its acetonitrile 
solution (26.32 mg, 76%).  
1H NMR (400 MHz, MeCN–d3) δ 7.87 – 7.77 (m, 10H), 7.63 – 7.53 (m, 11H), 6.96 – 
6.88 (m, 4H), 6.53 – 6.49 (m, 3H). 31P {1H} NMR (162 MHz, MeCN–d3) δ 41.15 (s). 
HRMS (MALDI, dctb): Calc for [C70H56Au4F6N2P4Sb]+, [M–SbF6–]+: 2071.0993; 
found: 2071.0964. X-Ray quality crystals were obtained by slow diffusion of pentane 
into a solution of the complex in CH2Cl2. 
 
Synthesis of Square Tetranuclear Gold(I) Complexes 
 
{Bis(acetonyl)bis[2,6-bis(diphenylphosphino)pyridine]}tetragold (I) dihexa-
fluoroantimonate, 9 
 
 
 
A mixture of complex 3 (27.08 mg, 0.010 mmol) and Ag2O (4.63 mg, 0.020 mmol) in 
acetone (2 mL) was stirred for 15 h at 25 ºC. The mixture was filtered through celite 
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and a Teflon HPLC filter to give a yellow solution, which was concentrated to 
dryness in vacuo to give the product as a yellow solid (17.69 mg, 78%). 
1H NMR (400 MHz, CD2Cl2) δ 8.16 (tt, J = 8.0 Hz, 2H), 7.87 – 7.42 (m, 44H), 1.18 
(s, 4H), 0.87 (s. 6H). 31P {1H} NMR (162 MHz, CD2Cl2) δ 42.76 (s). Anal. Calc. (%) 
for [C64H56Au4F12N2O2P4Sb2]: %C 33.89, %H 2.49, %N 1.23; found: %C 33.87, %H 
2.53, %N 1.33. FTIR(ATR): 1638 cm-1 (C=O). X-Ray quality crystals were obtained 
by slow diffusion of ethyl ether into a solution of the complex in acetone. 
 
{Bis(1,3-indandionyl)bis[2,6-bis(diphenylphosphino)pyridine] }tetragold (I) 
dihexafluoroantimonate, 10 
 
 
 
A mixture of complex 3 (40.62 mg, 0.015 mmol) and indene-1,3-dione (4.53 mg. 0.03 
mmol) in acetonitrile (4 mL) was stirred for 1 h at 25 ºC. Then, 2,6-di-tert-
butylpyridine was added (6.96 µl, 0.03 mmol) and the mixture was stirred for 14 h at 
25 ºC. The mixture was filtered through a Teflon HPLC filter and concentrated in 
vacuo. The residue was dissolved in CH2Cl2 and the supernatant orange solution was 
separated from a yellowish solid. The solid was washed with CH2Cl2 (2 x 2 mL) and 
vacuum dried to give the product as a yellow solid (27.87 mg, 76%). This compound 
is light-sensitive. 
1H NMR (400 MHz, MeCN-d3) δ 8.17 – 8.05 (m, 8H), 8.02 (tt, J = 8.0, 1.4 Hz, 2H), 
7.83 – 7.69 (m, 13H), 7.60 – 7.53 (m, 4H), 7.49 – 7.38 (m, 23H), 7.34 – 7.29 (m, 4H), 
1.09 (s, 2H). 31P {1H} NMR (162 MHz, MeCN–d3) δ 43.08 (s). FTIR(ATR): 1671  
cm-1(C=O). HRMS (MALDI, dctb): Calc for [C76H56Au4F6N2O4P4Sb]+, [M–SbF6–]+: 
2207.0789; found: 2207.0734. X-Ray quality crystals were obtained by slow 
evaporation of solvent of a solution of the complex in acetonitrile.  
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{Bis(1,3-indandionyl)bis[2,6-bis(diphenylphosphino)pyridine] }tetragold (I) 
dihexafluoroantimonate, 11 
 
 
 
A mixture of complex 3 (40.62 mg, 0.015 mmol), 1,3-cyclohexanedione (3.36 mg. 
0.030 mmol) and Ag2O (6.94 mg. 0.030 mmol) in acetonitrile (3 mL) was stirred for 1 
hour at 22 ºC. Then it was filtered through a Teflon HPLC filter and a celite pad, 
followed by concentration in vacuo. After addition of pentane to this concentrated 
solution, the formation of a white precipitate was observed. The precipitate was 
vacuum dried to give the product as a white solid (26.74 mg, 75%). This compound is 
light-sensitive. 
1H NMR (400 MHz, MeCN–d3) δ 8.13 (tt, J = 9.0, 1.4 Hz, 2H), 8.06 – 8.04 (m, 8H), 
7.81 – 7.69 (m, 24H), 7.61 – 7.55 (m, 12H), 1.70 (s, 2H), 1.40 – 1.32 (m, 4H), 1.09 – 
0.97 (m, 6H), 0.38 – 0.24 (m, 2H). 31P {1H} NMR (162 MHz, MeCN–d3) δ 44.12 (s). 
HRMS (MALDI, dctb): Calc for [C70H60Au4N2O4P4SbF6]+, [M–SbF6–]+: 2139.1102; 
found: 2139.1115; for [C64H52Au4N2O2P4SbF6]+, [M–SbF6––C6H8O2]+ : 2027.0578, 
found: 2027.0649. FTIR(ATR): 1638 cm-1 (C=O). X-Ray quality crystals were 
obtained by slow diffusion of pentane into a solution of the complex in CH2Cl2. 
 
{Bis(2,2-dimethyl-1,3-dioxane-4,6-dionyl)bis[2,6-bis(diphenylphosphino) 
pyridine]}tetragold (I) dihexafluoroantimonate, 12 
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A mixture of complex 3 (40.62 mg, 0.015 mmol), Meldrum’s acid (4.32 mg. 0.03 
mmol) and Ag2O (6.94 mg. 0.03 mmol) in acetonitrile (3 mL) was stirred for 1 hour at 
22 ºC. Then it was filtered through a Teflon HPLC filter and a celite pad, followed by 
concentration in vacuo. After addition of pentane to this concentrated solution 
formation of a white precipitate was observed. The precipitate was vacuum dried to 
give the product as a white solid (29.48 mg, 80%). This compound is light-sensitive. 
1H NMR (400 MHz, MeCN–d3) δ 8.21 (tt, J = 8.1, 1.2 Hz, 2H), 7.99 – 7.93 (m, 8H), 
7.76 – 7.57 (m, 36H), 1.29 (s, 2H), 1.23 (s, 6H), 0.04 (s, 6H).  31P {1H} NMR (162 
MHz, MeCN–d3) δ 43.91 (s). HRMS (MALDI, dctb): Calc for 
[C70H60Au4F6N2O8P4Sb]+, [M–SbF6–]+: 2203.0899; found: 2203.0977. FTIR(ATR): 
1698 cm-1 (C=O). X-Ray quality crystals were obtained by slow diffusion of pentane 
into a solution of the complex in CH2Cl2. 
 
Synthesis of Heterometallic Pentanuclear Gold(I)–Silver(I) and 
Gold(I)–Copper(I) Complexes 
 
General procedure for synthesis of heterometallic pentanuclear Au4(I)–Ag(I) and 
Au4(I)–Cu(I) complexes 13 – 17: 
 
Method A:  
To a solution of complex 3 (100.0 mg, 0.037 mmol) in nitrile of choice (HPLC grade: 
acetonitrile, propionitrile or benzonitrile, 10 mL) two equivalents of Ag2O (home-
made) (17.15 mg, 0.074 mmol) or Cu2O (10.59 mg, 0.074 mmol) were added. The 
resulting reaction mixture was vigorously stirred for 10 h at 25 ºC. Then the reaction 
mixture was filtrated through Teflon and the solvent was evaporated. After being 
dried under high vacuum (30 min) the formed solid was dissolved in CH2Cl2 (5 mL) 
followed by precipitation with pentane (25 mL) yielding the desired complexes as 
yellow-orange crystalline solids. Yield: 13 (72.59 mg, 75%); 14 (64.70 mg, 68%); 15 
(78.26 mg, 80 %); 16 (72.14 mg, 75%). 
 
Method B:  
To a solution of complex 3 (100.0 mg, 0.037 mmol) in CH2Cl2 (SPS grade solvent, 10 
mL) were added two equivalents of AgOAc (12.35 mg, 0.074 mmol) for complex 13, 
CuOAc (9.07 mg, 0.074 mmol) for the synthesis of complex 14, AgOBz (17.0 mg, 
0.074 mmol) for complex 17.The resulting reaction mixture was vigorously stirred for 
10 h at 25 ºC. Then the reaction mixture was diluted with CH2Cl2 (to 20 mL volume), 
filtrated through Teflon and the mixture was concentrated to 2 mL. Precipitation with 
pentane (20 mL) afforded the desired complexes as yellow-orange crystalline solids. 
Yield: 13 (80.34 mg, 83%); 14 (66.61 mg, 70%); 17 (86.18 mg, 85%). 
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{Bis(µ2-acetate)bis[2,6-bis(diphenylphosphino)pyridine]}silver(I) tetragold (I) 
trishexafluoroantimonate, 13 
 
 
 
Method A: 1H NMR (500 MHz, CD2Cl2) δ 8.29 (tt, J = 2.9, 7.5 Hz, 1H), 7.89 – 7.36 
(m, 20H), 7.24 (td, J = 2.3, 8.4 Hz, 2H), 7.12 (td, J = 2.9, 7.4 Hz, 2H), 6.71 (s, 1H), 
6.35 – 6.30 (m, 2H), 1.68 (s, 3H). 31P {1H} NMR (202 MHz, CD2Cl2) δ 38.39 (s, P), 
35.56 (s, P).  Method B: 1H NMR (500 MHz, CD2Cl2) δ 8.35 (tt, J = 2.1, 8.0 Hz, 1H), 
7.91 – 7.83 (m, 4H), 7.77 – 7.74 (m, 4H), 7.63 (t, J = 8.6 Hz, 1H), 7.56 – 7.52 (m, 
3H), 7.44 – 7.36 (m, 3H), 7.27 (td, J = 3.3, 7.8 Hz, 2H), 7.17 (td, J = 2.7, 7.9 Hz, 2H), 
6.34 – 6.29 (m, 2H), 1.71 (s, 3H). 31P {1H} NMR (202 MHz, CD2Cl2) δ 36.10 (s, P), 
34.03 (s, P). 13C NMR (126 MHz, CD2Cl2) δ 181.9 (s, COO), 159.7 (d, J (13C – 31P) = 
11.9 Hz, C), 159.1 (d, J (13C – 31P) = 11.7 Hz, C), 158.7 (d, J (13C – 31P) = 11.3 Hz, 
C), 158.1 (d, J (13C – 31P) = 11.3 Hz, C), 144.8 (s, CH), 136.3 – 135.9 (m, CH), 135.3 
– 134.2 (m, CH), 133.5 – 133.3 (m, CH), 131.6 – 130.1 (m, CH), 125.9 (s, C), 125.3 
(s, C), 122.8 (s, C), 122.3 (s, C), 121.8 (s, C), 121.3 (s, C), 120.9 (s, C), 120.4 (s, C), 
30.3 (s, CH3). FTIR (ATR): 1534, 1379 cm-1 (C=O, C–O). MALDI (dctb): 
calculated for [C58H46AgAu2N2P4Sb2F12]+, [M–2CH3COO––2Au+–SbF6–]+ : 1864.9; 
found: 1865.0. Anal. Calc. (%) for [C62H52AgAu4F18N2O4P4Sb3]: %C 28.47, %H 
2.00, %N 1.07; found: %C 28.21, %H 2.28, %N 1.25. X-Ray quality crystals were 
obtained by slow diffusion of diethyl ether into a solution of the complex in CH2Cl2. 
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{Bis(µ2-acetate)bis[2,6-bis(diphenylphosphino)pyridine]}copper(I) tetragold (I) 
trishexafluoroantimonate, 14 
 
 
 
Method A: 1H NMR (400 MHz, CD2Cl2) δ 8.29 (tt, J = 2.8, 8.1 Hz, 1H), 7.89 – 7.79 
(m, 3H), 7.75 – 7.68 (m, 4H), 7.62 – 7.43 (m, 8H), 7.38 (t, J = 6.2 Hz, 1H), 7.20 (td, J 
= 2.7, 8.0 Hz, 2H), 7.12 (td, J = 2.5, 7.6 Hz, 2H), 6.71 (s, 1H), 6.31 – 6.26 (m, 2H), 
1.64 (s, 3H). 31P {1H} NMR (162 MHz, CD2Cl2) δ 38.42 (s, P), 35.48 (s, P). Method 
B: 1H NMR (400 MHz, CD2Cl2) δ 8.35 (tt, J = 2.4, 6.5 Hz, 1H), 7.84 – 7.12 (m, 20H), 
6.38 – 6.34 (m, 2H), 2.31 (s, 3H). 31P {1H} NMR (162 MHz, CD2Cl2) δ 35.88 (s, P), 
34.72 (s, P). 13C NMR (126 MHz, CD2Cl2) δ 175.7 (s, COO), 159.8 (d, J (13C – 31P) = 
12.6 Hz, C), 159.2 (d, J (13C – 31P) = 12.6 Hz, C), 158.4 (d, J (13C – 31P) = 12.4 Hz, 
C), 157.8 (d, J (13C – 31P) = 12.1 Hz, C), 145.6 (s, CH), 136.4 – 135.9 (m, CH), 135.2 
– 134.3 (m, CH), 133.4 – 133.2 (m, CH), 131.7 – 130.6 (m, CH), 129.1 (s, CH), 125.5 
(s, C), 124.9 (s, C), 122.5 (s, C), 121.9 (s, C), 121.4 (s, C), 121.1 (s, C), 120.5 (s, C), 
30.2 (s, CH3). FTIR (ATR): 1541, 1378 cm-1 (C=O, C–O). MALDI (dctb) calculated 
for [C58H46Au3CuF18N2P4Sb3]+, [M–Au+–2CH3COO–]+: 2252.7; found: 2253.0. X-
Ray quality crystals were obtained by slow diffusion of diethyl ether into a solution 
of the complex in CH2Cl2. 
 
{Bis(µ2-propionate)bis[2,6-bis(diphenylphosphino)pyridine]}silver(I) tetragold 
(I) trishexafluoroantimonate, 15 
 
 
 
1H NMR (400 MHz, CD2Cl2) δ 8.33 (tt, J = 7.9, 2.5 Hz, 1H), 7.92 – 7.83 (m, 3H), 
7.79 – 7.72 (m, 4H), 7.66 – 7.41 (m, 9H), 7.27 (dt, J = 7.8, 2.7 Hz, 2H), 7.15 (dt, J = 
7.9, 2.6 Hz, 2H), 6.78 (s, 1H), 6.35 – 6.29 (m, 2H), 1.97 (dq, J = 7.4, 3.4 Hz, 2H), 
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0.84 (t, J = 7.4, 3H). 31P {1H} NMR (162 MHz, CD2Cl2) δ 38.55 (s, P), 35.66 (s, P). 
13C NMR (126 MHz, CD2Cl2) δ 185.3 (s, COO), 160.8 (d, J (13C – 31P) = 11.9 Hz, 
C), 160.3 (d, J (13C – 31P) = 12.1 Hz, C), 158.9 (d, J (13C – 31P) = 11.5 Hz, C), 158.4 
(d, J (13C – 31P) = 11.1 Hz, C), 144.4 (s, CH), 136.3 (s, CH), 136.2 (s, CH), 135.9 – 
135.7 (m, CH), 135.5 (s, CH), 134.9 – 134.4 (m, CH), 133.4 (s, CH), 133.3 (s, CH), 
131.5 – 130.9 (s, CH), 127.1 (s, C), 126.6 (s, C), 122.9 (s, C), 122.5 (s, C), 122.1 (s, 
C), 122.0 (s, C), 121.6 (s, C), 30.3 (s, CH2), 11.2 (s, CH3). HRMS (MALDI, dctb): 
calculated for [C58H46AgAu2F12N2P4Sb2]+, [M–2Au+–2EtCO2––SbF6–]+: 1864.8873; 
found: 1864.9069. FTIR (ATR): 1540, 1379 cm-1 (C=O, C–O). 
 
{Bis(µ2-propionate)Bis[2,6-bis(diphenylphosphino)pyridine]}copper(I) tetragold 
(I) trishexafluoroantimonate, 16 
 
 
 
1H NMR (500 MHz, CD2Cl2) δ 8.29 (tt, J = 2.6, 7.9 Hz, 1H), 7.85 – 7.81 (m, 4H), 
7.75 – 7.68 (m, 4H), 7.59 – 7.53 (m, 3H), 7.48 (t, J = 7.6 Hz, 1H), 7.40 – 7.36 (m, 
3H), 7.20 (td, J = 2.9, 7.9 Hz, 2H), 7.13 (td, J = 2.8, 8.0 Hz, 2H), 6.95 (s, 1H), 6.34 – 
6.28 (m, 2H), 1.81 (q, J = 7.5 Hz, 2H), 0.82 (t, J = 7.5, 3H). 31P{1H} NMR (202 
MHz, CD2Cl2) δ 39.29 (s, P), 35.01 (s, P). 13C NMR (126 MHz, CD2Cl2) δ 186.4 (s, 
COO), 161.0 (d, J (13C – 31P) = 12.1 Hz, C), 160.5 (d, J (13C – 31P) = 11.7 Hz, C), 
158.9 (d, J (13C – 31P) = 11.7 Hz, C), 158.3 (d, J (13C – 31P) = 11.9 Hz, C), 144.1 (s, 
CH), 136.3 (s, CH), 136.2 (s, CH), 135.8 (s, CH), 135.7 (s, CH), 135.6 (s, CH), 135.5 
(s, CH), 134.5 (s, CH), 134.4 (s, CH), 134.3 (s, CH), 133.3 (s, CH), 133.2 (s, CH), 
131.4 – 131.2 (m, CH), 130.9 (s, CH), 130.8 (s, CH), 126.9 (s, C), 126.4 (s, C), 123.3 
(s, C), 122.8 (s, C), 122.3 (s, C), 122.1 (s, C), 121.8 (s, C), 121.6 (s, C), 31.0 (s, CH2), 
10.9 (s, CH3). HRMS (MALDI, dctb): calculated for [C58H46Au2CuF12N2P4Sb2]+, [M 
–2Au+–2EtCO2––SbF6–]+ : 1820.9118; found: 1820.9143. FTIR(ATR): 1534, 1379 
cm-1 (C=O, C–O). Anal. Calc. (%) for C64H56Au4CuF18N2O4P4Sb3: C, 29.57; H, 2.17; 
N, 1.08. Found: C, 29.47; H, 2.44; N, 1.68. 
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{Bis(µ2-benzoate)Bis[2,6-bis(diphenylphosphino)pyridine]}silver(I) tetragold (I) 
trishexafluoroantimonate, 17 
 
 
 
1H NMR (500 MHz, CD2Cl2) δ 8.05 – 7.75 (m, 9H), 7.65 – 7.52 (m, 10H), 7.39 – 
7.33 (m, 3H), 7.25 – 7.23 (m, 3H), 7.13 – 7.09 (m, 1H), 6.33 – 6.27 (m, 2H). 31P {1H} 
NMR (202 MHz, CD2Cl2) δ 35.71 (s, P), 34.76 (s, P). 13C NMR (126 MHz, CD2Cl2) 
Due to a low solubility some quaternary carbons are not seen: δ 176.6 (s, COO), 
139.2 (s, CH), 136.3 – 134.6 (m, CH), 133.4 – 133.2 (m, CH), 132.1 – 131.1 (s, CH), 
129.3 (s, CH). HRMS (MALDI, dctb) calculated for [C58H46AgAu2F12N2P4Sb2]+, [M 
–2Au+–2OBz––SbF6–]+ : 1864.8873; found: 1864.8502. FTIR (ATR): 1523, 1377  
cm-1 (C=O, C–O). 
 
Synthesis of Octanuclear Gold(I) Complexes 
 
Bis-(µ2-hydroxo) {tetrakis[2,6-bis(diphenylphosphino)pyridine]}octagold (I) 
hexatetrafluoroborate, 18 
 
 
 
A suspension of complex 1 (254.0 mg, 0.278 mmol) in 1,1,2,2-tetrachloroethane (25 
mL) was heated until a clear solution was obtained (130 ºC). The solution was cooled 
down to room temperature and a solution of AgBF4 (108.2 g, 0.556 mmol) in MeCN 
(1 mL) was added via syringe and the resulting yellow solution was stirred for 6 h. 
The volatiles were removed under high vacuum. The residue was dissolved in CH2Cl2 
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(20 mL) and filtered through a pad of celite (7 cm) to give a clear yellow solution. 
Ethyl ether (70 mL) was added to precipitate a yellow solid which was filtered and 
washed with Et2O (2x30 mL) and then dried under high vacuum overnight (190.7 mg, 
70%). 
1H NMR (500 MHz, CD2Cl2) δ 8.32 (tt, J = 8.3, 2.0 Hz, 1H), 7.89 – 7.86 (m, 1H), 
8.32 (td, J = 7.9, 2.9 Hz, 2H), 7.73 – 7.46 (m, 10H), 7.29 – 7.12 (m, 7H), 6.12 – 6.07 
(m, 2H), 5.33 (s, 0.5H, OH). 31P {1H} NMR (202 MHz, CD2Cl2) δ 37.73 (s, 1P), 
34.82 (s, 1P). 19F {1H} NMR (470 MHz, CD2Cl2) δ –149.02 (br. s). 13C NMR (126 
MHz, CD2Cl2) δ 159.7 (d, J (13C – 31P) = 10.1 Hz, C), 159.1 – 158.9 (m, C), 158.4 – 
158.3 (m, C), 144.1 (s, CH), 135.8 – 133.9 (m, CH), 131.0 – 130.8 (m, CH), 126.6 (s, 
C), 126.1 (s, C), 124.1 (s, C), 123.6 (s, C), 123.4 (s, C), 122.6 (s, C), 122.1 (s, C). 
HRMS (ESI, CH2Cl2): calculated for [C116H94Au8B3F12N4O2P8]3+, [M–3BF4–]3+ : 
1219.4228; found: 1219.3998. X-Ray quality crystals were obtained by slow 
diffusion of pentane into a solution of the complex in CH2Cl2. Anal. Calc. (%) for 
calculated for [C116H94Au8B6F24N4O2P8] • 6.5 CH2Cl2 (the presence of CH2Cl2 in the 
crystal packing of the molecule was proven by X-ray analysis): %C 32.96, %H 2.42, 
%N 1.26; found: %C 33.57, %H 2.65, %N 1.62. 
 
Bis-(µ2-hydroxo) {tetrakis[2,6-bis(diphenylphosphino)pyridine]}octagold (I) 
hexatetrafluoroantimonate, 19 
 
 
 
After initial recrystallization from the reaction mixture the complex has almost no 
solubility in CH2Cl2 or tetrachloroethane, and reacts with acetone, acetonitrile, DMF, 
nitromethane.  
X-Ray quality crystals were obtained by slow diffusion of THF into a solution of the 
complex in CH2Cl2/THF. Anal. Calc. (%) calculated for [C116H94Au8F36N4O2P8Sb6] • 
2 CH2Cl2 • 2.5 THF • 2 H2O (2 CH2Cl2 • 2.5 THF • 2 H2O were taken from X-ray 
data): %C 29.58, %H 2.29, %N 1.09; found: %C 29.77, %H 2.85, %N 1.30. 
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Photophysical Properties of the Synthesized Complexes 2, 3, 9,  
13 – 17, 18 
 
All complexes showed room-temperature luminescence both in a CH2Cl2 solution and 
in the solid state under excitation at 375 nm.  
The UV-Vis spectrum measured in CH2Cl2 (Table 1) displayed intense absorption 
ranging from ca. 220 to 270 nm that can be assigned to an IL (π →  π*) transition 
localized at the 2,6-bis(diphenylphosphino)pyridine ligand and less intensive bands 
with a maximum at ca. 330 to 400 nm, which is likely a combination of the metal-
centered 5d → 6s/6p transitions due to the Au–Au, Au–Ag, Au–Cu interactions in the 
Au4 and Au5M  cores of the complexes.  
In the solid state all synthesized complexes displayed more intense emission, the 
maximum of which is redshifted in comparison with the maximum of emission in the 
CH2Cl2 solution (Table 2, however the maximum for the complex 9 is blueshifted). 
The redshifted maximum of luminescence for the complexes 2, 3, 13 – 17, 18 in solid 
state can be rationalized by stronger aurophilic interactions. 
In addition for complexes 2, 3 and 9 the emission life times were determined. The 
obtained data showed double exponential decay, one exponent of which falls in the ns 
domain with contribution less than 10% and the main one falls into the microsecond 
domain (1.4 µs (2), 1.6 µs (3), 3.1 µs (9)) that can be assigned to the phosphorescence, 
the emission from the triplet excited state. 
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Table 1. Absorption data of the synthesized complexes in CH2Cl2 solution 	  
complex 
λ (nm) with extinction coefficient 
(ε, 10-4⋅L⋅mol-1⋅cm-1) 
2 275(9.7), 328(4.9), 398(0.5) 
3 260(6.5), 312(3.6), 400(0.2) 
9 234(21.1), 278(4.1), 330(0.9) 
18 235(14.2), 274(6.6), 319(3.3), 371(0.44) 
13 236(0.62), 266(0.61), 340(0.018) 
14 235(0.74), 280(0.39), 313(0.21), 340(0.018) 
15 239(1.43), 264(1.54), 328(0.178), 376(0.039) 
16 234(1.24), 268(0.81), 310(0.42), 382(0.045) 
17 238(1.01), 268(0.64), 324(0.136), 374(0.018) 
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Table 2. The emission spectrum data of 2, 3, 9, 18, 13 – 17 in solid state and in 
CH2Cl2 solution (λexc = 375 nm) 
 
Complex Solid state, λ (nm) Solution, λ (nm) 
2 582 528 
3 544 518 
9 502 597 
18 548 539 
13 556 524 
14 590 520 
15 534 532 
16 542 530 
17 544 524 
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Kinetic study.  
 
Determination of the initial rate at 25 ºC of 1,6-enyne cycloisomerization (A to 
A1, Scheme 8, Chapter II) with complex 18 as a catalyst. 
 
At 25 ºC to a solution of 1,6-enyne A in CD2Cl2 with 1 equivalent of internal standard 
(triphenylmethane) in NMR tube (0.4 mL, 0.01 M) 2 mol% of complex 18 was added, 
reaction was monitored by 1H NMR. 
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Selected X-Ray tables 
 
Complex 2, Dichloro{bis[2,6-bis(diphenylphosphino)pyridine]}tetragold(I) di-
hexafluoroantimonate 
 
 
 
Table 1.  Crystal data and structure refinement for mo_JM269_0m. 
 
Identification code  mo_JM269_0m 
Empirical formula  C119 H98 Au8 Cl10 F24 N4 P8 Sb4  
Formula weight  4705.00 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a =  12.8083(8)Å α=  90°. 
 b =  27.413(3)Å        β = 95.333(3)°. 
 c =  20.1301(14)Å γ =  90°. 
Volume 7037.4(10) Å3 
Z 2 
Density (calculated) 2.220 Mg/m3 
Absorption coefficient 9.415 mm-1 
F(000)  4364 
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Crystal size  0.20 x 0.10 x 0.01 mm3 
Theta range for data collection 1.761 to 26.338°. 
Index ranges -15<=h<=15,-34<=k<=33,-19<=l<=24 
Reflections collected  60264 
Independent reflections 14012[R(int) = 0.0621] 
Completeness to theta =26.338°  97.7%  
Absorption correction  Empirical 
Max. and min. transmission  0.912 and 0.426 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  14012/ 746/ 1099 
Goodness-of-fit on F2  1.107 
Final R indices [I>2sigma(I)]  R1 = 0.0496, wR2 = 0.1085 
R indices (all data)  R1 = 0.0750, wR2 = 0.1203 
Largest diff. peak and hole  3.144 and -1.512 e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for mo_JM269_0m. 
 
Au1-P1  2.234(3) 
Au1-Cl1  2.303(3) 
Au1-Au2  2.9893(5) 
Au2-N1  2.126(8) 
Au2-P3  2.257(3) 
Au2-Au3  2.8444(6) 
Au3-N2  2.159(9) 
Au3-P2  2.249(3) 
Au3-Au4  2.9063(6) 
Au4-P4  2.252(3) 
Au4-Cl2  2.302(3) 
Au4-Au4#1      3.2430(9) 
P1-Au1-Cl1 174.37(9) 
P1-Au1-Au2 74.30(7) 
Cl1-Au1-Au2 100.23(6) 
N1-Au2-P3 167.7(3) 
N1-Au2-Au3 88.7(2) 
P3-Au2-Au3 79.30(8) 
N1-Au2-Au1 85.0(2) 
P3-Au2-Au1 102.65(7) 
Au3-Au2-Au1 116.576(18) 
N2-Au3-P2 166.3(2) 
N2-Au3-Au2 86.3(2) 
P2-Au3-Au2 80.21(7) 
N2-Au3-Au4 80.1(2) 
P2-Au3-Au4 113.59(7) 
Au2-Au3-Au4 165.40(2) 
P4-Au4-Cl2 165.43(11) 
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P4-Au4-Au3 74.57(8) 
Cl2-Au4-Au3 95.17(7) 
P4-Au4-Au4#1 121.54(8) 
Cl2-Au4-Au4#1 72.96(8) 
Au3-Au4-Au4#1 129.71(2) 
 
Complex 3, {Bis(acetonitrile)bis[2,6-bis(diphenylphosphino)pyridine]}tetragold 
(I) tetrahexafluoroantimonate 
 
 
 
Table 1.  Crystal data and structure refinement for mo_AJ246_0m. 
 
Identification code  mo_AJ246_0m 
Empirical formula  C63 H54 Au4 Cl2 F24 N4 P4 Sb4  
Formula weight  2792.74 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n   
Unit cell dimensions a =  13.9488(12)Å α=  90°. 
 b =  39.651(3)Å        β = 105.423(2)°. 
 c =  14.5354(12)Å γ =  90°. 
Volume 7749.9(11) Å3 
Z 4 
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Density (calculated) 2.394 Mg/m3 
Absorption coefficient 9.164 mm-1 
F(000)  5160 
Crystal size  0.01 x 0.01 x 0.005 mm3 
Theta range for data collection 1.027 to 25.219°. 
Index ranges -16<=h<=16,-43<=k<=47,-15<=l<=17 
Reflections collected  43473 
Independent reflections 13943[R(int) = 0.0700] 
Completeness to theta =25.219°  99.6%  
Absorption correction  Empirical 
Max. and min. transmission  0.956 and 0.735 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  13943/ 1563/ 1384 
Goodness-of-fit on F2  1.078 
Final R indices [I>2sigma(I)]  R1 = 0.0602, wR2 = 0.1148 
R indices (all data)  R1 = 0.1066, wR2 = 0.1310 
Largest diff. peak and hole  2.061 and -1.897 e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for mo_AJ246_0m. 
 
Au1-N3  1.996(16) 
Au1-P3  2.16(2) 
Au1-P3'  2.28(2) 
Au1-Au2  3.2216(9) 
Au2-N2'  2.11(2) 
Au2-N2  2.14(2) 
Au2-P1  2.250(4) 
Au2-Au3  2.8373(8) 
Au3-N1  2.116(11) 
Au3-P4  2.25(2) 
Au3-P4'  2.257(19) 
Au3-Au4  3.2054(8) 
Au4-N4  2.04(4) 
Au4-N4'  2.10(4) 
Au4-P2       2.226(4) 
 
N3-Au1-P3 170.6(6) 
N3-Au1-P3' 172.7(6) 
N3-Au1-Au2 115.6(4) 
P3-Au1-Au2 69.4(5) 
P3'-Au1-Au2 69.9(4) 
N2'-Au2-P1 173.8(12) 
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N2-Au2-P1 173.1(7) 
N2'-Au2-Au3 94.3(6) 
N2-Au2-Au3 92.6(6) 
P1-Au2-Au3 81.04(10) 
N2'-Au2-Au1 82.7(11) 
N2-Au2-Au1 83.2(11) 
P1-Au2-Au1 103.51(10) 
Au3-Au2-Au1 142.03(3) 
N1-Au3-P4 172.5(5) 
N1-Au3-P4' 173.3(5) 
N1-Au3-Au2 93.6(3) 
P4-Au3-Au2 80.7(4) 
P4'-Au3-Au2 80.4(4) 
N1-Au3-Au4 83.3(3) 
P4-Au3-Au4 104.2(4) 
P4'-Au3-Au4 103.2(4) 
Au2-Au3-Au4 140.71(3) 
N4-Au4-P2 174.7(11) 
N4'-Au4-P2 173.1(9) 
N4-Au4-Au3 115.0(12) 
N4'-Au4-Au3 112.0(11) 
P2-Au4-Au3                69.01(10) 
 
Complex 4, {Bis[2,6-bis(diphenylphosphino)pyridine]}digold (I) dihexafluoro-
antimonate 
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Table 1.  Crystal data and structure refinement for mo_AJ50_0m. 
_ 
Identification code  mo_AJ50_0m 
Empirical formula  C267 H264 Au8 Cl14 F48 N8 P16 Sb8  
Formula weight  8038.41  
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c   
Unit cell dimensions a =  16.629(2) Å α=  90.00 °. 
 b =  15.508(2) Å β = 106.419(4) 
°. 
 c =  29.084(4) Å γ =  90.00 °. 
Volume 7194.1(16)  Å3 
Z 1  
Density (calculated) 1.855  Mg/m3 
Absorption coefficient 5.100  mm-1 
F(000)  3872  
Crystal size  0.30 x 0.05 x 0.01 mm3 
Theta range for data collection 1.50  to 25.73 °. 
Index ranges -20 <=h<=20 ,-18 <=k<=18 ,-35 <=l<=35  
Reflections collected  95756  
Independent reflections 13677 [R(int) = 0.0929 ] 
Completeness to theta =25.73 °  99.7%  
Absorption correction  Empirical 
Max. and min. transmission  0.9508  and  0.3099  
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  13677 / 469 / 944  
Goodness-of-fit on F2  1.147  
Final R indices [I>2sigma(I)]  R1 = 0.0794 , wR2 = 0.1780  
R indices (all data)  R1 = 0.1065 , wR2 = 0.1917  
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Largest diff. peak and hole  5.009  and -2.948  e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for mo_AJ50_0m. 
 
Au1-P3  2.303(3) 
Au1-P2  2.307(3) 
Au2-P4  2.307(4) 
Au2-P1      2.310(3) 
P3-Au1-P2 178.64(12) 
P4-Au2-P1   177.07(15) 
 
Complex 5, {Bis[2,6-bis(diphenylphosphino)pyridine]bis(2,4,6-trimethoxybenzo-
nitrile)}tetragold (I) tetrahexafluoroantimonate 
	  	  
	  
  
Table 1.  Crystal data and structure refinement for AJ30_0m. 
 
Identification code  AJ30_0m 
Empirical formula  C80 H72 Au4 Cl4 F24 N4 O6 P4 Sb4  
Formula weight  3181.96  
Temperature  100(2) K 
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Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c   
Unit cell dimensions a =  24.0789(13) Å α=  90.00 °. 
 b =  15.8431(5) Å β = 104.062(2) 
°. 
 c =  24.9655(10) Å γ =  90.00 °. 
Volume 9238.5(7)  Å3 
Z 4  
Density (calculated) 2.288  Mg/m3 
Absorption coefficient 7.763  mm-1 
F(000)  5968  
Crystal size  0.40 x 0.05 x 0.05 mm3 
Theta range for data collection 0.87  to 36.39 °. 
Index ranges -38 <=h<=40 ,-26 <=k<=26 ,-41 <=l<=41  
Reflections collected  125118  
Independent reflections 44577 [R(int) = 0.0396 ] 
Completeness to theta =36.39 °  99.0%  
Absorption correction  Empirical 
Max. and min. transmission  0.6975  and  0.1473  
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  44577 / 194 / 1267  
Goodness-of-fit on F2  1.001  
Final R indices [I>2sigma(I)]  R1 = 0.0355 , wR2 = 0.0828  
R indices (all data)  R1 = 0.0613 , wR2 = 0.0949  
Largest diff. peak and hole  3.446  and -2.601  e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for AJ30_0m. 
 
Au1-N4  2.027(3) 
Au1-P1  2.2378(9) 
Au1-Au2  3.0654(2) 
Au2-N1  2.102(3) 
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Au2-P4  2.2476(9) 
Au2-Au3  2.81175(19) 
Au3-N3  2.115(3) 
Au3-P2  2.2489(9) 
Au3-Au4  3.0193(2) 
Au4-N2  2.032(3) 
Au4-P3                        2.2312(9) 
N4-Au1-P1 177.18(10) 
N4-Au1-Au2 110.42(9) 
P1-Au1-Au2 72.40(2) 
N1-Au2-P4 167.17(8) 
N1-Au2-Au3 92.54(8) 
P4-Au2-Au3 81.24(2) 
N1-Au2-Au1 87.87(8) 
P4-Au2-Au1 96.59(2) 
Au3-Au2-Au1 171.257(6) 
N3-Au3-P2 170.94(8) 
N3-Au3-Au2 91.03(8) 
P2-Au3-Au2 82.43(2) 
N3-Au3-Au4 86.48(8) 
P2-Au3-Au4 99.82(2) 
Au2-Au3-Au4 176.777(6) 
N2-Au4-P3 176.65(10) 
N2-Au4-Au3 109.72(10) 
P3-Au4-Au3                    73.50(2) 
 
 
 
Complex 6, {Bis(triflimide)bis[2,6-bis(diphenylphosphino)pyridine]}tetragold (I) 
ditriflimide 
 
 
 
Table 1.  Crystal data and structure refinement for mo_SESAu4linNTf_0m. 
 
Identification code  mo_SESAu4linNTf_0m 
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Empirical formula  C68 H50.50 Au4 Cl1.50 F24 N6 O16 P4 
S8  
Formula weight  2885.04 
Temperature  100(2) K 
Wavelength  null Å 
Crystal system  Orthorhombic 
Space group  Pbcn 
Unit cell dimensions a =  51.962(8)Å α=  90°. 
 b =  21.3507(19)Å β = 90°. 
 c =  16.3506(16)Å γ =  90°. 
Volume 18140(4) Å3 
Z 8 
Density (calculated) 2.113 Mg/m3 
Absorption coefficient 6.862 mm-1 
F(000)  10992 
Crystal size  0.50 x 0.08 x 0.04 mm3 
Theta range for data collection 0.784 to 26.439°. 
Index ranges -64<=h<=63,-19<=k<=26,-20<=l<=20 
Reflections collected  205675 
Independent reflections 18544[R(int) = 0.1169] 
Completeness to theta =26.439°  99.2%  
Absorption correction  Multi-scan 
Max. and min. transmission _exptl_absorpt_correction_T_max  
0.7454 and _exptl_absorpt_correction_T_min  0.3773 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  18544/ 2209/ 1757 
Goodness-of-fit on F2  1.085 
Final R indices [I>2sigma(I)]  R1 = 0.0629, wR2 = 0.1499 
R indices (all data)  R1 = 0.1045, wR2 = 0.1722 
Largest diff. peak and hole                        2.043 and -2.597 e.Å-3 
 
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
 
Chapter II: The Intriguing Reactivity of a Linear Tetranuclear Au(I) Complex with PNP Ligands 	  
193 
Selected Bond lengths [Å] and angles [°] for mo_SESAu4linNTf_0m. 
 
Au1-N3  2.109(11) 
Au1-P1  2.228(3) 
Au1-Au2  3.2545(8) 
Au2-N1  2.120(10) 
Au2-P3  2.246(4) 
Au2-Au3  2.8314(8) 
Au3-N2  2.141(10) 
Au3-P2  2.253(3) 
Au3-Au4  3.2258(8) 
Au4-N4  2.165(14) 
Au4-N4'  2.197(16) 
Au4-P4                 2.229(3) 
 
N3-Au1-P1 174.0(3) 
N3-Au1-Au2 116.4(3) 
P1-Au1-Au2 68.08(9) 
N1-Au2-P3 170.7(3) 
N1-Au2-Au3 92.3(3) 
P3-Au2-Au3 80.64(9) 
N1-Au2-Au1 80.5(3) 
P3-Au2-Au1 108.26(9) 
Au3-Au2-Au1 120.27(2) 
N2-Au3-P2 167.9(3) 
N2-Au3-Au2 91.5(3) 
P2-Au3-Au2 79.46(8) 
N2-Au3-Au4 79.9(3) 
P2-Au3-Au4 111.71(9) 
Au2-Au3-Au4 122.97(2) 
N4-Au4-P4 167.4(5) 
N4'-Au4-P4 171.2(4) 
N4-Au4-Au3 113.8(3) 
N4'-Au4-Au3 120.2(4) 
P4-Au4-Au3                68.51(9) 
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Complex 7, {Bis[3,5-bis(trifluoromethyl)phenyl]bis[2,6-bis(diphenylphosphino) 
pyridine]}tetragold (I) tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 
 
 
 
Table 1.  Crystal data and structure refinement for SES-Au4-326. 
 
Identification code  SES-Au4-326 
Empirical formula  C36 H22 Au B0.50 Cl3 F15 N0.50 P  
Formula weight  1086.23 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a =  12.865(3)Å α=  90°. 
 b =  33.769(7)Å β = 92.377(4)°. 
 c =  17.612(4)Å γ =  90°. 
Volume 7645(3) Å3 
Z 8 
Density (calculated) 1.887 Mg/m3 
Absorption coefficient 4.202 mm-1 
F(000)  4192 
Crystal size  0.60 x 0.60 x 0.40 mm3 
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Theta range for data collection 2.315 to 33.102°. 
Index ranges -19<=h<=10,-51<=k<=50,-26<=l<=25 
Reflections collected  76593 
Independent reflections 25086[R(int) = 0.0981] 
Completeness to theta =33.102°  86.4%  
Absorption correction  Multi-scan 
Max. and min. transmission  0.284 and 0.218 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  25086/ 803/ 1244 
Goodness-of-fit on F2  0.970 
Final R indices [I>2sigma(I)]  R1 = 0.0535, wR2 = 0.1313 
R indices (all data)  R1 = 0.0698, wR2 = 0.1353 
Largest diff. peak and hole  4.344 and -3.839 e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for SES-Au4-326. 
 
Au1A-C1A  2.011(4) 
Au1A-N1A#1  2.126(4) 
Au1A-Au2A  3.0211(5) 
Au1A-Au2A#1  3.2016(5) 
Au2A-P1A  2.3168(13) 
Au2A-P2A  2.3263(13) 
Au2A-Au1A#1  3.2015(5) 
 
C1A-Au1A-N1A#1 175.05(17) 
C1A-Au1A-Au2A 96.82(13) 
N1A-Au1A-Au2A#1 85.40(10) 
C1A-Au1A-Au2A#1 97.95(14) 
N1A#1-Au1A-Au2A#1 85.11(11) 
Au2A-Au1A-Au2A#1113.938(14) 
P1A-Au2A-P2A 175.99(4) 
P1A-Au2A-Au1A 111.21(3) 
P2A-Au2A-Au1A 72.80(3) 
P1A-Au2A-Au1A#1 68.91(3) 
P2A-Au2A-Au1A#1 113.44(3) 
Au1A-Au2A-Au1A#1 66.064(15) 
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Complex 8, {Bis(phenyl)bis[2,6-bis(diphenylphosphino)pyridine]}tetragold (I) 
dihexafluoroantimonate 
 
 
 
Table 1.  Crystal data and structure refinement for mo_SESAu4-378-b_0m. 
 
Identification code  mo_SESAu4-378-b_0m 
Empirical formula  C72 H60 Au4 Br0.20 Cl4 F10.80 N2 P4 Sb1.80  
Formula weight  2447.09 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a =  11.8681(12)Å α=  90°. 
 b =  17.9922(18)Å β = 101.226(3)°. 
 c =  17.9021(19)Å γ =  90°. 
Volume 3749.6(7) Å3 
Z 2 
Density (calculated) 2.167 Mg/m3 
Absorption coefficient 8.840 mm-1 
F(000)  2292 
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Crystal size  0.10 x 0.10 x 0.10 mm3 
Theta range for data collection 2.084 to 27.539°. 
Index ranges -15<=h<=12,-22<=k<=23,-23<=l<=20 
Reflections collected  30229 
Independent reflections 8424[R(int) = 0.0396] 
Completeness to theta =27.539°  97.5%  
Absorption correction  Multi-scan 
Max. and min. transmission _exptl_absorpt_correction_T_max  0.7456 and 
_exptl_absorpt_correction_T_min  0.5251 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  8424/ 339/ 461 
Goodness-of-fit on F2  1.135 
Final R indices [I>2sigma(I)]  R1 = 0.0867, wR2 = 0.2048 
R indices (all data)  R1 = 0.0970, wR2 = 0.2100 
Largest diff. peak and hole  5.690 and -4.035 e.Å-3 
Selected Bond lengths [Å] and angles [°] for  mo_SESAu4-378-b_0m 
 
Au1-P1  2.294(5) 
Au1-P2#1  2.303(4) 
Au1-Au2#1  2.9794(9) 
Au1-Au2  3.1396(10) 
Au2-C30  2.018(17) 
Au2-N1  2.133(14) 
Au2-Au1#1      2.9794(9) 
Au2-Au2#1               3.3161(13) 
 
P1-Au1-P2#1 173.85(16) 
P1-Au1-Au2#1 112.53(11) 
P2#1-Au1-Au2#1 73.50(11) 
P1-Au1-Au2 70.64(12) 
P2-Au1-Au2#1 112.02(12) 
Au2-Au1-Au2#1 65.57(3) 
C30-Au2-N1 175.2(6) 
C30-Au2-Au1#1 94.1(5) 
N1-Au2-Au1#1 86.3(4) 
C30-Au2-Au1 99.6(5) 
N1-Au2-Au1 84.5(4) 
Au1-Au2-Au1#1 114.43(3) 
C30-Au2-Au2#1 102.8(5) 
N1-Au2-Au2#1 81.5(4) 
Au1#1-Au2-Au2#1 59.54(2) 
Au1-Au2-Au2#1 54.89(2) 
  
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
 
Chapter II: The Intriguing Reactivity of a Linear Tetranuclear Au(I) Complex with PNP Ligands 	  
198 
Complex 9, {Bis(acetonyl)bis[2,6-bis(diphenylphosphino)pyridine]}tetragold (I) 
dihexafluoroantimonate 
 
 
 
Table 1.  Crystal data and structure refinement for AJ32_0m. 
 
Identification code  AJ32_0m 
Empirical formula  C76 H80 Au4 F12 N2 O6 P4 Sb2  
Formula weight  2500.67  
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c   
Unit cell dimensions a =  10.7910(5) Å α=  90.00 °. 
 b =  16.4923(5) Å β = 97.344(2) 
°. 
 c =  22.7129(8) Å γ =  90.00 °. 
Volume 4009.0(3)  Å3 
Z 2  
Density (calculated) 2.072  Mg/m3 
Absorption coefficient 8.115  mm-1 
F(000)  2368  
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Crystal size  0.50 x 0.10 x 0.10 mm3 
Theta range for data collection 1.81  to 45.55 °. 
Index ranges -20 <=h<=15 ,-23 <=k<=32 ,-39 <=l<=32  
Reflections collected  42178  
Independent reflections 24275 [R(int) = 0.0234 ] 
Completeness to theta =45.55 °  71.3%  
Absorption correction  Empirical 
Max. and min. transmission  0.4975  and  0.1065  
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  24275 / 90 / 553  
Goodness-of-fit on F2  1.101  
Final R indices [I>2sigma(I)]  R1 = 0.0423 , wR2 = 0.1098  
R indices (all data)  R1 = 0.0664 , wR2 = 0.1237  
Largest diff. peak and hole  8.563  and -5.755  e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for  AJ32_0m.  
 
Au1-P2  2.3000(8) 
Au1-P1  2.3005(8) 
Au1-Au2  2.94373(17) 
Au1-Au2#1  3.04003(17) 
Au2-C30  2.046(3) 
Au2-N1  2.121(2) 
Au2-Au1#1  3.04002(17) 
Au2-Au2#1                    3.3105(3) 
P2-Au1-P1 168.93(3) 
P2-Au1-Au2 116.34(2) 
P1-Au1-Au2 74.35(2) 
P2-Au1-Au2#1 71.41(2) 
P1-Au1-Au2#1 112.56(2) 
Au2-Au1-Au2#1 67.158(5) 
C30-Au2-N1 175.86(12) 
C30-Au2-Au1 93.94(10) 
N1-Au2-Au1 88.64(7) 
C30-Au2-Au1#1 96.18(9) 
N1-Au2-Au1#1 85.77(7) 
Au1-Au2-Au1#1 112.842(5) 
C30-Au2-Au2#1 99.21(10) 
N1-Au2-Au2#1 84.90(7) 
Au1-Au2-Au2#1 57.810(4) 
Au1#1-Au2-Au2#1      55.033(4) 
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Complex 10, {Bis(1,3-indandionyl)bis[2,6-bis(diphenylphosphino)pyridine]} 
tetragold (I) dihexafluoroantimonate  
 
 
 
Table 1.  Crystal data and structure refinement for mo_JM280c_0m. 
 
Identification code  mo_JM280c_0m 
Empirical formula  C84 H68 Au4 F12 N6 O4 P4 Sb2  
Formula weight  2608.69 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a =  15.0986(7)Å α=  90°. 
 b =  10.9861(5)Å    β = 101.6994(12)°. 
 c =  25.4113(11)Å γ =  90°. 
Volume 4127.5(3) Å3 
Z 2 
Density (calculated) 2.099 Mg/m3 
Absorption coefficient 7.886 mm-1 
F(000)  2464 
Crystal size  0.30 x 0.01 x 0.01 mm3 
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Theta range for data collection 1.452 to 31.605°. 
Index ranges -12<=h<=22,-15<=k<=16,-32<=l<=37 
Reflections collected  37055 
Independent reflections 12319[R(int) = 0.0271] 
Completeness to theta =31.605°  88.8%  
Absorption correction  Empirical 
Max. and min. transmission  0.925 and 0.62 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  12319/ 0/ 525 
Goodness-of-fit on F2  1.119 
Final R indices [I>2sigma(I)]  R1 = 0.0230, wR2 = 0.0529 
R indices (all data)  R1 = 0.0265, wR2 = 0.0539 
Largest diff. peak and hole  2.365 and -1.096 e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for  mo_JM280c_0m. 
 
Au1-P2#1  2.3001(8) 
Au1-P1  2.3118(7) 
Au1-Au2  3.01458(17) 
Au1-Au2#1  3.08733(16) 
Au2-C30  2.071(3) 
Au2-N1  2.123(2) 
Au2-Au1#1  3.08736(16) 
Au2-Au2#1  3.2893(3) 
P2-Au1#1                     2.3000(8) 
 
P2-Au1-P1#1 173.98(3) 
P2-Au1-Au2#1 113.194(18) 
P1-Au1-Au2 72.786(18) 
P2#1-Au1-Au2#1 72.140(17) 
P1-Au1-Au2#1 112.054(17) 
Au2-Au1-Au2#1 65.227(5) 
C30-Au2-N1 175.40(10) 
C30-Au2-Au1 93.92(8) 
N1-Au2-Au1 87.34(7) 
C30-Au2-Au1#1 97.48(7) 
N1-Au2-Au1#1 85.99(6) 
Au1-Au2-Au1#1 114.772(5) 
C30-Au2-Au2#1 100.65(8) 
N1-Au2-Au2#1 83.79(6) 
Au1-Au2-Au2#1 58.454(4) 
Au1#1-Au2-Au2#1      56.318(4) 
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Complex 11, {Bis(1,3-indandionyl)bis[2,6-bis(diphenylphosphino)pyridine]} 
tetragold (I) dihexafluoroantimonate  
 
 
 
Table 1.  Crystal data and structure refinement for mo_SESAu4E91c_0m. 
 
Identification code  mo_SESAu4E91c_0m 
Empirical formula  C74 H68 Au4 Cl8 F12 N2 O4 P4 Sb2  
Formula weight  2716.15 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a =  13.0609(15)Å           α=  67.429(3)°. 
 b =  13.1480(14)Å            β = 69.989(3)°. 
 c =  13.9891(16)Å            γ =  87.540(3)°. 
Volume 2073.5(4) Å3 
Z 1 
Density (calculated) 2.175 Mg/m3 
Absorption coefficient 8.102 mm-1 
F(000)  1280 
Crystal size  0.40 x 0.10 x 0.04 mm3 
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Theta range for data collection 1.668 to 32.630°. 
Index ranges -10<=h<=19,-19<=k<=19,-20<=l<=19 
Reflections collected  36688 
Independent reflections 13631[R(int) = 0.0571] 
Completeness to theta =32.630°  89.8%  
Absorption correction  Empirical 
Max. and min. transmission  0.738 and 0.427 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  13631/ 0/ 496 
Goodness-of-fit on F2  1.048 
Final R indices [I>2sigma(I)]  R1 = 0.0491, wR2 = 0.1126 
R indices (all data)  R1 = 0.0622, wR2 = 0.1187 
Largest diff. peak and hole  2.427 and -3.839 e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for  mo_SESAu4E91c_0m. 
 
Au1-P2#1  2.3078(16) 
Au1-P1  2.3091(16) 
Au1-Au2  3.1288(4) 
Au1-Au2#1  3.1321(4) 
Au2-C30  2.054(6) 
Au2-N1  2.113(5) 
Au2-Au1#1                  3.1322(4) 
P2-Au1#1                    2.3078(16) 
 
P2-Au1-P1#1 175.04(6) 
P2-Au1-Au2#1 111.08(4) 
P1-Au1-Au2 71.03(4) 
P2#1-Au1-Au2#1 70.29(4) 
P1-Au1-Au2#1 114.59(4) 
Au2-Au1-Au2#1 67.607(12) 
C30-Au2-N1 178.2(2) 
C30-Au2-Au1 96.83(18) 
N1-Au2-Au1 84.46(14) 
C30-Au2-Au1#1 90.98(17) 
N1-Au2-Au1#1 87.30(13) 
Au1-Au2-Au1#1        112.394(12)
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Complex 12, {Bis(2,2-dimethyl-1,3-dioxane-4,6-dionyl)bis[2,6-bis(diphenyl-
phosphino)pyridine]}tetragold (I) dihexafluoroantimonate 
 
 
 
Table 1.  Crystal data and structure refinement for mo_SESAu184_0m. 
Identification code  mo_SESAu184_0m 
Empirical formula  C74 H68 Au4 Cl8 F12 N2 O8 P4 Sb2  
Formula weight  2780.15 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a =  12.9878(8)Å      α=  92.6275(19)°. 
 b =  13.3008(8)Å      β = 114.7520(17)°. 
 c =  15.3438(9)Å      γ =  114.1551(16)°. 
Volume 2119.6(2) Å3 
Z 1 
Density (calculated) 2.178 Mg/m3 
Absorption coefficient 7.932 mm-1 
F(000)  1312 
Crystal size  0.20 x 0.10 x 0.10 mm3 
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Theta range for data collection 1.514 to 30.581°. 
Index ranges -11<=h<=18,-18<=k<=16,-21<=l<=17 
Reflections collected  26721 
Independent reflections 12612[R(int) = 0.0353] 
Completeness to theta =30.581°  96.8%  
Absorption correction  Empirical 
Max. and min. transmission  0.504 and 0.391 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  12612/ 0/ 516 
Goodness-of-fit on F2  1.055 
Final R indices [I>2sigma(I)]  R1 = 0.0442, wR2 = 0.1121 
R indices (all data)  R1 = 0.0575, wR2 = 0.1186 
Largest diff. peak and hole  4.148 and -3.185 e.Å-3 
 
 
Selected Bond lengths [Å] and angles [°] for mo_SESAu184_0m. 
 
Au1-C1  2.056(7) 
Au1-N1  2.108(5) 
Au1-Au2  3.0501(4) 
Au1-Au2#1  3.1760(4) 
Au2-P2  2.3033(17) 
Au2-P1#1  2.3094(17) 
Au2-Au1#1                  3.1760(4) 
 
C1-Au1-N1 177.2(2) 
C1-Au1-Au2 91.75(18) 
N1-Au1-Au2 87.72(14) 
C1-Au1-Au2#1 99.27(19) 
N1-Au1-Au2#1 83.46(15) 
Au2-Au1-Au2#1 111.179(10) 
P2-Au2-P1#1 171.72(6) 
P2-Au2-Au1 71.93(4) 
P1-Au2-Au1#1 116.12(4) 
P2-Au2-Au1#1 112.20(4) 
P1#1-Au2-Au1#1 70.81(4) 
Au1-Au2-Au1#1          68.820(10) 
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Complex 13, {Bis(µ2-acetate)bis[2,6-bis(diphenylphosphino)pyridine]}silver(I) 
tetragold (I) trishexafluoroantimonate 
 
 
 
Table 1.  Crystal data and structure refinement for mo_SESAu4E125b. 
 
Identification code  mo_SESAu4E125b  
Empirical formula  C65.75 H59.50 Ag Au4 Cl7.50 F18 N2 
O4 P4 Sb3  
Formula weight  2934.39 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a =  25.8392(16)Å α=  90°. 
 b =  25.6647(18)Å  β = 117.2328(19)°. 
 c =  27.9618(19)Å γ =  90°. 
Volume 16487.6(19) Å3 
Z 8 
Density (calculated) 2.364 Mg/m3 
Absorption coefficient 8.697 mm-1 
F(000)  10924 
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Crystal size  0.40 x 0.12 x 0.02 mm3 
Theta range for data collection 0.886 to 26.452°. 
Index ranges -32<=h<=28,-31<=k<=32,-26<=l<=35 
Reflections collected  158009 
Independent reflections 33909[R(int) = 0.1064] 
Completeness to theta =26.452°  99.7%  
Absorption correction  Empirical 
Max. and min. transmission  0.845 and 0.379 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  33909/ 457/ 2117 
Goodness-of-fit on F2  1.064 
Final R indices [I>2sigma(I)]  R1 = 0.0663, wR2 = 0.1606 
R indices (all data)  R1 = 0.1301, wR2 = 0.2087 
Largest diff. peak and hole  5.183 and -3.854 e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for mo_SESAu4E125b. 
 
Au1A-O2A  2.014(14) 
Au1A-P1A  2.244(5) 
Au1A-Au2A  3.1295(9) 
Au1A-Ag1A  3.1350(14) 
Au2A-N1A  2.137(12) 
Au2A-P3A  2.263(4) 
Au2A-Au3A  2.8290(8) 
Au2A-Ag1A  3.1600(13) 
Au3A-N2A  2.137(12) 
Au3A-P2A  2.258(4) 
Au3A-Ag1A  3.0813(13) 
Au3A-Au4A  3.2093(8) 
Au4A-O4A  2.030(13) 
Au4A-P4A  2.243(4) 
Au4A-Ag1A  3.0524(13) 
Ag1A-O1A  2.122(11) 
Ag1A-O3A                    2.146(11) 
 
O2A-Au1A-P1A 175.7(4) 
O2A-Au1A-Au2A 111.0(4) 
P1A-Au1A-Au2A 69.01(10) 
O2A-Au1A-Ag1A 75.9(4) 
P1A-Au1A-Ag1A 107.31(11) 
Au2A-Au1A-Ag1A 60.59(3) 
N1A-Au2A-P3A 168.5(3) 
N1A-Au2A-Au3A 89.9(3) 
P3A-Au2A-Au3A 80.77(10) 
N1A-Au2A-Au1A 83.6(3) 
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P3A-Au2A-Au1A 107.01(10) 
Au3A-Au2A-Au1A 121.09(3) 
N1A-Au2A-Ag1A 77.6(3) 
P3A-Au2A-Ag1A 103.58(11) 
Au3A-Au2A-Ag1A 61.63(3) 
Au1A-Au2A-Ag1A 59.79(3) 
N2A-Au3A-P2A 169.7(3) 
N2A-Au3A-Au2A 89.4(3) 
P2A-Au3A-Au2A 81.65(10) 
N2A-Au3A-Ag1A 79.9(3) 
P2A-Au3A-Ag1A 100.54(10) 
Au2A-Au3A-Ag1A 64.48(3) 
N2A-Au3A-Au4A 83.2(3) 
P2A-Au3A-Au4A 105.81(10) 
Au2A-Au3A-Au4A 122.44(2) 
Ag1A-Au3A-Au4A 58.01(3) 
O4A-Au4A-P4A 175.9(4) 
O4A-Au4A-Ag1A 75.8(4) 
P4A-Au4A-Ag1A 107.71(11) 
O4A-Au4A-Au3A 113.3(4) 
P4A-Au4A-Au3A 67.66(10) 
Ag1A-Au4A-Au3A 58.89(3) 
O1A-Ag1A-O3A 165.6(4) 
O1A-Ag1A-Au4A 101.6(3) 
O3A-Ag1A-Au4A 76.7(3) 
O1A-Ag1A-Au3A 97.8(3) 
O3A-Ag1A-Au3A 94.1(3) 
Au4A-Ag1A-Au3A 63.10(3) 
O1A-Ag1A-Au1A 75.2(3) 
O3A-Ag1A-Au1A 107.3(3) 
Au4A-Ag1A-Au1A 175.03(5) 
Au3A-Ag1A-Au1A 113.23(4) 
O1A-Ag1A-Au2A 89.3(3) 
O3A-Ag1A-Au2A 104.2(3) 
Au4A-Ag1A-Au2A 116.94(4) 
Au3A-Ag1A-Au2A 53.89(2) 
Au1A-Ag1A-Au2A        59.62(3) 
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Complex 14, {Bis(µ2-acetate)bis[2,6-bis(diphenylphosphino)pyridine]}copper(I) 
tetragold (I) trishexafluoroantimonate 
 
 
 
Table 1.  Crystal data and structure refinement for mo_JM292b. 
 
Identification code  mo_JM292b 
Empirical formula  C66.85 H61.70 Au4 Cl9.70 Cu F18 N2 O4 P4 
Sb3 
Formula weight  2983.48 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a =  27.383(3)Å α=  90°. 
 b =  26.352(3)Å β = 99.372(3)°. 
 c =  27.347(3)Å γ =  90°. 
Volume 19470(3) Å3 
Z 8 
Density (calculated) 2.036 Mg/m3 
Absorption coefficient 7.444 mm-1 
F(000)  11150 
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Crystal size  0.30 x 0.05 x 0.01 mm3 
Theta range for data collection 0.754 to 27.132°. 
Index ranges -29<=h<=34,-33<=k<=33,-35<=l<=21 
Reflections collected  126983 
Independent reflections 41047[R(int) = 0.0599] 
Completeness to theta =27.132°  95.200005%  
Absorption correction  Empirical 
Max. and min. transmission  0.929 and 0.715 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  41047/ 2295/ 2719 
Goodness-of-fit on F2  1.057 
Final R indices [I>2sigma(I)]  R1 = 0.0635, wR2 = 0.1650 
R indices (all data)  R1 = 0.1191, wR2 = 0.1951 
Largest diff. peak and hole  3.864 and -2.206 e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for mo_JM292b. 
 
Au1A-O4A  2.039(14) 
Au1A-P1A  2.249(4) 
Au1A-Cu1A  2.9139(17) 
Au1A-Au2A  3.0699(8) 
Au2A-N1A  2.132(6) 
Au2A-P3A  2.264(4) 
Au2A-Au3A  2.8055(7) 
Au2A-Cu1A  3.0347(17) 
Au3A-N2A  2.122(6) 
Au3A-P2A  2.255(4) 
Au3A-Cu1A  3.0341(17) 
Au3A-Au4A  3.1577(8) 
Au4A-O1A  2.035(12) 
Au4A-P4A  2.253(4) 
Au4A-Cu1A  2.8821(17) 
Cu1A-O3A  1.851(11) 
Cu1A-O2A  1.883(11) 
 
O4A-Au1A-P1A 176.1(4) 
O4A-Au1A-Cu1A 73.6(4) 
P1A-Au1A-Cu1A 109.80(11) 
O4A-Au1A-Au2A 110.3(3) 
P1A-Au1A-Au2A 70.62(9) 
Cu1A-Au1A-Au2A 60.88(4) 
N1A-Au2A-P3A 167.6(2) 
N1A-Au2A-Au3A 90.1(2) 
P3A-Au2A-Au3A 81.75(9) 
N1A-Au2A-Cu1A 79.9(2) 
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P3A-Au2A-Cu1A 104.26(11) 
Au3A-Au2A-Cu1A 62.45(3) 
N1A-Au2A-Au1A 84.8(2) 
P3A-Au2A-Au1A 107.30(11) 
Au3A-Au2A-Au1A 119.22(2) 
Cu1A-Au2A-Au1A 57.02(3) 
N2A-Au3A-P2A 169.6(2) 
N2A-Au3A-Au2A 89.8(2) 
P2A-Au3A-Au2A 82.51(9) 
N2A-Au3A-Cu1A 80.4(2) 
P2A-Au3A-Cu1A 101.97(9) 
Au2A-Au3A-Cu1A 62.48(3) 
N2A-Au3A-Au4A 84.1(2) 
P2A-Au3A-Au4A 105.61(9) 
Au2A-Au3A-Au4A 117.78(2) 
Cu1A-Au3A-Au4A 55.44(3) 
O1A-Au4A-P4A 174.9(4) 
O1A-Au4A-Cu1A 74.9(3) 
P4A-Au4A-Cu1A 108.77(10) 
O1A-Au4A-Au3A 110.8(3) 
P4A-Au4A-Au3A 69.09(10) 
Cu1A-Au4A-Au3A 60.10(4) 
O3A-Cu1A-O2A 166.3(4) 
O3A-Cu1A-Au4A 95.7(3) 
O2A-Cu1A-Au4A 83.1(3) 
O3A-Cu1A-Au1A 82.9(3) 
O2A-Cu1A-Au1A 98.0(3) 
Au4A-Cu1A-Au1A 178.06(8) 
O3A-Cu1A-Au3A 96.2(3) 
O2A-Cu1A-Au3A 95.6(3) 
Au4A-Cu1A-Au3A 64.46(4) 
Au1A-Cu1A-Au3A 116.92(5) 
O3A-Cu1A-Au2A 94.3(3) 
O2A-Cu1A-Au2A 98.2(3) 
Au4A-Cu1A-Au2A 119.39(6) 
Au1A-Cu1A-Au2A 62.10(3) 
Au3A-Cu1A-Au2A 55.07(3) 
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Complex 19, Bis-(µ2-hydroxo) {tetrakis[2,6-bis(diphenylphosphino)pyridine]} 
octagold (I) hexatetrafluoroantimonate 
 
 
 
Table 1.  Crystal data and structure refinement for SESAu4E188TH. 
 
Identification code  SESAu4E188TH 
Empirical formula  C128 H118 Au8 Cl4 F36 N4 O6.50 P8 Sb6  
Formula weight  5196.05 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a =  14.078(3)Å α=  90°. 
 b =  25.625(4)Å β = 104.7531(17)°. 
 c =  27.328(5)Å γ =  90°. 
Volume 9534(3) Å3 
Z 2 
Density (calculated) 1.810 Mg/m3 
Absorption coefficient 7.162 mm-1 
F(000)  4832 
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Crystal size  0.40 x 0.20 x 0.10 mm3 
Theta range for data collection 2.183 to 26.411°. 
Index ranges -17<=h<=17,-32<=k<=31,-34<=l<=34 
Reflections collected  65585 
Independent reflections 19236[R(int) = 0.0567] 
Completeness to theta =26.411°  98.2%  
Absorption correction  Multi-scan 
Max. and min. transmission  0.413 and 0.318 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  19236/ 2820/ 1755 
Goodness-of-fit on F2  1.008 
Final R indices [I>2sigma(I)]  R1 = 0.0539, wR2 = 0.1589 
R indices (all data)  R1 = 0.0838, wR2 = 0.1780 
Largest diff. peak and hole  1.981 and -2.082 e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for SESAu4E188TH. 
 
Au1-F1  2.133(18) 
Au1-P1  2.217(6) 
Au1-Au4#1  3.011(7) 
Au1-Au2  3.100(3) 
Au1'-F1'  1.99(2) 
Au1'-P1'  2.205(7) 
Au1'-Au4'#1  2.967(6) 
Au1'-Au2  3.147(3) 
Au2-N1  1.973(14) 
Au2-P3  2.081(9) 
Au2-N1'  2.278(16) 
Au2-P3'  2.405(8) 
Au2-Au3  2.8213(7) 
Au3-N2'  2.143(11) 
Au3-N2  2.149(11) 
Au3-P2'  2.24(2) 
Au3-P2  2.246(12) 
Au3-Au4  3.117(6) 
Au3-Au4'  3.132(6) 
Au4-F1#1  2.006(18) 
Au4-P4  2.183(10) 
Au4-Au1#1  3.011(7) 
Au4'-F1'#1  2.14(2) 
Au4'-P4'  2.239(10) 
Au4'-Au1'#1  2.967(6) 
 
F1-Au1-P1 167.9(6) 
F1-Au1-Au4#1 41.7(5) 
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P1-Au1-Au4#1 130.3(2) 
F1-Au1-Au2 112.0(5) 
P1-Au1-Au2 68.14(16) 
Au4-Au1-Au2#1 139.77(12) 
F1'-Au1'-P1' 173.7(6) 
F1'-Au1'-Au4'#1 46.2(7) 
P1'-Au1'-Au4'#1 133.1(2) 
F1'-Au1'-Au2 105.7(7) 
P1'-Au1'-Au2 73.23(18) 
Au4'-Au1'-Au2#1 149.52(15) 
N1-Au2-P3 166.1(9) 
N1'-Au2-P3' 165.3(5) 
N1-Au2-Au3 95.5(4) 
P3-Au2-Au3 83.1(2) 
N1'-Au2-Au3 90.0(5) 
P3'-Au2-Au3 77.59(19) 
N1-Au2-Au1 83.1(6) 
P3-Au2-Au1 108.8(3) 
Au3-Au2-Au1 126.89(5) 
N1'-Au2-Au1' 78.7(7) 
P3'-Au2-Au1' 114.6(2) 
Au3-Au2-Au1' 122.77(5) 
N2'-Au3-P2' 169.7(9) 
N2-Au3-P2 165.7(5) 
N2'-Au3-Au2 96.6(4) 
N2-Au3-Au2 88.2(4) 
P2'-Au3-Au2 82.8(3) 
P2-Au3-Au2 79.7(2) 
N2-Au3-Au4 81.0(5) 
P2-Au3-Au4 111.6(4) 
Au2-Au3-Au4 120.61(9) 
N2'-Au3-Au4' 80.9(5) 
P2'-Au3-Au4' 107.9(6) 
Au2-Au3-Au4' 124.67(10) 
F1-Au4-P4#1 174.8(7) 
F1#1-Au4-Au1#1 45.0(5) 
P4-Au4-Au1#1 133.9(3) 
F1-Au4-Au3#1 108.8(5) 
P4-Au4-Au3 70.6(2) 
Au1-Au4-Au3#1 150.2(2) 
F1'-Au4'-P4'#1 165.6(7) 
F1'#1-Au4'-Au1'#1 42.0(6) 
P4'-Au4'-Au1'#1 128.3(3) 
F1'-Au4'-Au3#1 110.7(5) 
P4'-Au4'-Au3 69.8(2) 
Au1'-Au4'-Au3#1 139.69(17) 
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Complex 18, Bis-(µ2-hydroxo) {tetrakis[2,6-bis(diphenylphosphino)pyridine]} 
octagold (I) hexatetrafluoroborate 
 
 
 
Table 1.  Crystal data and structure refinement for mo_SESAu4343_0m. 
 
Identification code  mo_SESAu4343_0m 
Empirical formula  C122.50 H107 Au8 B6 Cl12.75 F24 N4 
O2 P8  
Formula weight  4463.45 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a =  17.388(2)Å α=  90°. 
 b =  35.645(4)Å β = 96.896(3)°. 
 c =  23.083(3)Å γ =  90°. 
Volume 14203(3) Å3 
Z 4 
Density (calculated) 2.087 Mg/m3 
Absorption coefficient 8.641 mm-1 
F(000)  8403 
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Crystal size  0.15 x 0.06 x 0.03 mm3 
Theta range for data collection 1.056 to 26.865°. 
Index ranges -22<=h<=22,-44<=k<=45,-22<=l<=29 
Reflections collected  170335 
Independent reflections 30257[R(int) = 0.1691] 
Completeness to theta =26.865°  98.9%  
Absorption correction  Multi-scan 
Max. and min. transmission  0.782 and 0.332 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  30257/ 1915/ 1954 
Goodness-of-fit on F2  1.053 
Final R indices [I>2sigma(I)]  R1 = 0.0768, wR2 = 0.1732 
R indices (all data)  R1 = 0.1743, wR2 = 0.2226 
Largest diff. peak and hole  5.063 and -3.320 e.Å-3 
 
Selected Bond lengths [Å] and angles [°] for mo_SESAu4343_0m. 
 
Au1-O2  2.056(13) 
Au1-P1  2.216(5) 
Au1-Au2  3.0725(11) 
Au1-Au8  3.0815(10) 
Au2-N1  2.122(14) 
Au2-P3  2.251(5) 
Au2-Au3  2.7984(10) 
Au3-N2  2.138(14) 
Au3-P2  2.255(5) 
Au3-Au4  3.0752(10) 
Au4-O1  2.061(13) 
Au4-P4  2.207(5) 
Au4-Au5  2.9657(10) 
Au5-O1  2.059(12) 
Au5-P5  2.211(5) 
Au5-Au6  3.0164(11) 
Au6-N3  2.100(14) 
Au6-P7  2.242(5) 
Au6-Au7  2.7967(10) 
Au7-N4  2.117(15) 
Au7-P6  2.247(5) 
Au7-Au8  3.0079(10) 
Au8-O2  2.075(12) 
Au8-P8  2.227(5) 
 
O2-Au1-P1 172.3(4) 
O2-Au1-Au2 115.5(4) 
P1-Au1-Au2 69.73(13) 
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O2-Au1-Au8 42.0(3) 
P1-Au1-Au8 130.38(12) 
Au2-Au1-Au8 132.88(3) 
N1-Au2-P3 168.7(4) 
N1-Au2-Au3 94.5(4) 
P3-Au2-Au3 80.99(12) 
N1-Au2-Au1 80.5(4) 
P3-Au2-Au1 110.19(13) 
Au3-Au2-Au1 133.18(3) 
N2-Au3-P2 173.6(4) 
N2-Au3-Au2 93.6(4) 
P2-Au3-Au2 82.55(12) 
N2-Au3-Au4 81.1(4) 
P2-Au3-Au4 105.25(12) 
Au2-Au3-Au4 130.55(3) 
O1-Au4-P4 174.1(4) 
O1-Au4-Au5 43.9(3) 
P4-Au4-Au5 131.10(13) 
O1-Au4-Au3 109.2(3) 
P4-Au4-Au3 71.46(12) 
Au5-Au4-Au3 130.64(3) 
O1-Au5-P5 175.7(4) 
O1-Au5-Au4 44.0(4) 
P5-Au5-Au4 132.03(13) 
O1-Au5-Au6 112.6(4) 
P5-Au5-Au6 71.70(13) 
Au4-Au5-Au6 149.76(3) 
N3-Au6-P7 167.3(4) 
N3-Au6-Au7 92.9(4) 
P7-Au6-Au7 82.84(12) 
N3-Au6-Au5 85.3(4) 
P7-Au6-Au5 106.92(13) 
Au7-Au6-Au5 126.64(3) 
N4-Au7-P6 164.2(4) 
N4-Au7-Au6 92.4(4) 
P6-Au7-Au6 81.18(13) 
N4-Au7-Au8 85.9(4) 
P6-Au7-Au8 109.60(12) 
Au6-Au7-Au8 126.51(3) 
O2-Au8-P8 177.6(4) 
O2-Au8-Au7 108.9(4) 
P8-Au8-Au7 73.27(12) 
O2-Au8-Au1 41.5(4) 
P8-Au8-Au1 137.00(13) 
Au7-Au8-Au1 142.95(3) 
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Introduction 
 
The synthesis of ureas has proven to be an important reaction in the chemical 
industry, as ureas are used as final products and intermediates in the synthesis of 
pesticides, fertilizers and dyes.140 Furthermore, the urea moiety is also prevalent in 
several pharmaceutical candidates. 141  The classical historical method for the 
production of ureas from amines requires a reaction with a stoichiometric amount of 
phosgene or its derivatives, which are all very toxic and corrosive materials (Scheme 
1).142 
 
 
 
Scheme 1. Synthesis of urea from phosgene and ammonia. 
 
One of the alternative routes to ureas was found in 1972 by stoichiometric 
carbonylation of primary and secondary amines with silver acetate. Different products 
were formed depending upon the structure of the amine: primary amines gave 
predominantly the corresponding N,N'-dialkylureas, whereas secondary amines 
produced tetraalkyloxamides. 143  Metallic silver and acetic acid were formed as 
byproducts along with the respective carbonylation products.  
 
Transition Metal-Catalyzed Oxidative Carbonylation of Amines 
 
Another possible alternative to phosgene-based routes to ureas is the transition metal-
catalyzed oxidative carbonylation of amines, an atom efficient reaction between an 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
140.  Vishnyakova, T. P.; Golubeva, I. A.; Glebova, E. V. Russ. Chem. Rev. (Engl. Transl.) 1985, 54, 
249–261. 
141.  (a) Chrusciel, R. A.; Strohbach, J. W. Curr. Top. Med. Chem. 2004, 4, 1097–1114. (b) De 
 Lucca, G. V.; Lam, P. Y. S. Drugs Future 1998, 23, 987–994. (c) Dragovich, P. S.; Barker, J. 
E.; French, J.; Imbacuan, M.; Kalish, V. J.; Kissinger, C. R.; Knighton, D. R.; Lewis, C. T.; 
Moomaw, E. W.; Parge, H. E.; Pelletier, L. A. K.; Prins, T. J.; Showalter, R. E.; Tatlock, J. H.; 
Tucker, K. D.; Villafranca, J.E. J. Med. Chem. 1996, 39, 1872–1884. (d) Semple, G.; Ryder, H.; 
Rooker, D. P.; Batt, A. R.; Kendrick, D. A.; Szelke, M.; Ohta, M.; Satoh, M.; Nishida, A.; 
Akuzawa, S.; Miyata, K. J. Med. Chem. 1997, 40, 331–341. (e) vonGeldern, T. W.; J. A. Kester, 
R. Bal, J. R. WuWong, W. Chiou, D. B. Dixon, T. J. Opgenorth, J. Med. Chem. 1996, 39, 968–
981. 
142.  (a) Sartori, G.; Maggi, R. in Science of Synthesis, vol. 18 (Eds.:S. V. Ley, J. G. Knight), Thieme, 
Stuttgart, 2005, 665–758. (b) Hegarty, A. F.; Drennan, L. J. in Comprehensive Organic 
Functional Group Transformations, vol. 6 (Eds.: A. R. Katritzky, O. Meth-Cohn, C. W. Rees), 
Pergamon, Oxford, 1995, 499–526.	  	  
143.  Tsuday, T.; Isegawa, Y.; Saegusa, T. J. Org. Chem. 1972, 37, 2670–2672.	  
COCl2 + 4 NH3 (NH2)2CO   +   2 NH4Cl
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amine, carbon monoxide and an oxidant. This reaction produces the reduced form of 
the oxidant and protons as the only byproducts.144 In the past, several preparations of 
ureas through carbonylation of amines have been reported. These reactions are 
catalyzed by various transition metals, operating at high temperatures under 
moderate-to-high pressures of CO.  
Carbonylation of amines using Pd catalysts has been extensively studied since Tsuji 
reported the first Pd-catalyzed carbonylation of amines in 1966.145 The group of 
Gabriele discovered the PdI2/KI system for the efficient oxidative carbonylation of 
amines, which led to the formation of ureas, carbamates, and their cyclic derivatives 
in good yields.146 Carbonylations of primary aliphatic amines were carried out at 100 
°C under a mixture of CO, air, and CO2. Less satisfactory results were obtained in the 
absence of CO2. The mechanism for the carbonylation of primary amines was 
examined in more detail after it was determined that the secondary amines 
diethylamine, dibutylamine, and morpholine were unreactive under the same 
conditions. The difference in reactivity was attributed to the formation of isocyanate 
intermediates from the primary amine, resulting in the formation of 
carbamoylpalladium complex 1, which is in in pre-equilibrium with the starting 
materials (Scheme 2). In agreement with this hypothesis, isocyanates were detected 
(by GLC, TLC, and GLC/MS) in the reaction mixtures in low-conversion 
experiments. Under these conditions, Pd(0) is reoxidized to Pd(II) by oxidative 
addition of I2, which is regenerated through oxidation of HI by oxygen. 
 
 
 
Scheme 2. Proposed mechanism for the oxidative carbonylation of primary amines. 
  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
144.  (a) Klausener, A.; Jentsch, J.-D. in Applied Homogeneous Catalysis with Organometallic 
 Compounds, 2nd ed., vol. 1 (Eds.: B. Cornils, W. A. Herrmann), Wiley-VCH, Weinheim, 2002,  
 164–182. (b) Gabriele, B.; Salerno, G.; Costa, M. in Catalytic Carbonylation Reactions (Ed.: M.  
 Beller), Springer, Heidelberg, 2006, 239– 272. 
145.  Tsuji, J.; Iwamoto, N. Chem. Commun. (London) 1966, 380.	  
146.  Gabriele, B.; Salerno, G.; Brindisi, D.; M. Costa, M.; Chiusoli, G. P. Org. Lett. 2000, 2, 625–
627. 
PdI2 + RNH2 + CO
- HI
IPd NHR
O
1
R N C O
RNH2
RHN NHR
O
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In addition to extensive work with palladium complexes, carbonylation reactions that 
utilize other late transition metals, such as Ni,147 Ru,148 Rh,149 Co,150 W151 have also 
demonstrated to catalyze the formation of ureas.  
 
Gold and Oxidative Carbonylation of Amines  
 
Over the last two decades many reactions catalyzed by gold catalysts have been 
reported, such as CO oxidation,152 water-gas shift reactions,153 asymmetric aldol 
reactions,154 carbonylation of olefins,155 and the dehydrogenative dimerization of 
trialkylstannane.156 These results demonstrate the possibility of the application of gold 
complexes as catalysts for those synthetic reactions traditionally catalyzed by Pd, Rh 
etc. complexes that undergo catalyst deactivation due to the reduction of noble metal 
ions under harsh reaction conditions. 
 
 
 
 
Scheme 3. Synthesis of carbamates from aromatic amines in the presence of alcohols. 
 
In 2001 Deng and coworkers demonstrated the first example of gold(I) compounds as 
catalysts for the carbonylation of amines.157 The Au(PPh3)Cl complex in combination 
with additional PPh3 ligand showed the best conversions (98%) and selectivity (up to 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
147.  Giannoccaro, P.; Nobile, C. F.; Mastrorilli, P.; Ravasio, N. J. Organomet. Chem. 1991, 419, 
251–258. 
148.  Mulla, S. A. R.; Rode, C. V.; Kelkar, A. A.; Gupte, S. P. J. Mol. Catal. A: Chem. 1997, 122, 
103–109. 
149.  (a) Kondo, T.; S. Kotachi, S.; Tsuji, Y.; Watanabe, Y.; Mitsudo, T. Organometallics 1997, 16, 
2562–2570. (b) Kotachi, S.; Kondo, T.; Watanabe, Y. Catal. Lett. 1993, 19, 339–344. (c) Mulla, 
S. A. R.; Gupte, S. P.; Chaudhari, R. V. J. Mol. Catal. 1991, 67, L7–L10. 
150.  Bassoli, A.; Rindone, B.; Tollari, S.; Chioccara, F. J. Mol. Catal. 1990, 60, 41–48.	  
151.  Qian, F.; McCusker, J. E.; Zhang, Y.; Main, A. D.; Chlebowski, M.; Kokka, M.; McElwee-
White, L. J. Org. Chem. 2002, 67, 4086–4092.  
152.  (a) Gruenwaldt, J. D.; Baiker, A. J. Phys. Chem. B. 1999, 103, 115-121. (b) Valden, M.; Lai, X.; 
Goodman, D. W.  Science 1998, 281, 1647–1650. 
153.  (a) Prati, L.; Rossi, M. J. Catal. 1998, 176, 552–560. (b) Zou, J.; Guo, Z.; Parkinson, J. A.; 
Chen, Y.; Sadler, P. J. Chem. Commun. 1999, 1359–1360. 
154.  Soloshonok, V. A.; Kacharov, A. D. Tetrahedron 1996, 52, 245–254. 
155.  Xu, Q.; Imamura, Y.; Fujiwara, M.; Souma, Y. J. Org. Chem. 1997, 62, 1594–1598. 
156.  Ito, H.; Yajima, T.; Tateiwa, J.-I.; Hosomi, A. Tetrahedron Lett. 1999, 40, 7807–7810.  
157.  Shi, F.; Deng, Y Chemm. Commun. 2001, 443–444. 
5 mol% Au(PPh3)Cl, 0.7 equiv. PPh3
MeOH, 1 bar O2, 4 bar CO,
200 ºC, 3 h
NH2
+ H2ONH
O
MeO
Conv. 98%, Sel. 89 %
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89%) towards the formation of the desired methyl carbamates from aromatic amines 
in the presence of methanol in 3 h at 200 ºC (Scheme 3). The same complex was 
found to be efficient for the carbonylation of aliphatic amines to yield the 
corresponding ureas in certain cases. Later the same group published their work on 
polymer-immobilized gold catalysts, prepared from commercially available ion 
exchange resins and HAuCl4. These systems were found to catalyze the carbonylation 
of arylamines to their methyl carbamates in the presence of methanol, while forming 
diarylureas in its absence as the major product.158 The found enhanced catalytic 
efficiency, easy separation of the catalyst from the product and the absence of organic 
solvent are the main advantages of the described catalytic system. Following work 
resulted in the discovery of the formation of symmetrical dialkylureas, starting from 
aliphatic amines and CO2, with high yields and turnover frequencies (Figure 1).159 
The mechanism of this transformation is unclear, but it was postulated that the high 
activity could be attributed to a synergistic relationship between gold nanoparticles 
and the polymer support. 
 
 
 
Figure 1. Possible mechanisms for the synthesis of disubstituted urea. 
 
The research group of R. Angelici described the formation of ureas by a bulk metal 
gold-catalyzed reaction of primary amines with carbon monoxide. 160  Under the 
standard reaction conditions (1.00 g of Au powder, 45 °C, 24 h, in MeCN), the 
straight chain primary amine n-BuNH2 gave the highest yield (46%) of the urea 
product; followed by the branched chain amine (s-BuNH2) with 12% yield and t-
BuNH2 only gave a very low yield (2%). Aniline and p-MeC6H4NH2 gave 21% and 
24% yield respectively, while o-MeC6H4NH2 gave a lower yield (11%) (Scheme 4). 
The discovered transformation was found to proceed through the formation of 
isocyanate as an intermediate. The above results indicate that the highest yields are 
achieved by the most basic, least sterically hindered aliphatic amines. Formation of 
carbodiimides from the oxidative amination of isocyanides 161  and the aerobic 
oxidation of secondary amines to imines162 were also performed by bulk gold powder 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
158.  Shi, F.; Deng, Y. J. of Catalysis 2002, 211, 548–551. 
159.  Shi, F.; Zhang, Q.; Ma, Y.; He, Y.; Deng, Y. J. Am. Chem. Soc. 2005, 127, 4182–4183. 
160.  Zhu, B.; Angelici, R. J. J. Am. Chem. Soc. 2006, 128, 14460–14461. 
161.  Lazar, M.; Angelici, R. J. J. Am. Chem. Soc. 2006, 128, 10613–10620. 
162.  Zhu, B.; Angelici, R. J. Chem. Commun., 2007, 2157–2159. 
RNH2
C
O
O
RNHCONHR
polymer nano-gold particules quaternary ammonium
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catalysis. Later in 2012 the formation of ureas by reaction of isocyanides, amines and 
amine N-oxides catalyzed by bulk gold powder were discovered.163 The size of the 
gold particles was found to be between 5-50 µm. The reaction of n-butyl isocyanide 
with di-n-propylamine and N-methylmorpholine N-oxide in acetonitrile produced 3-
butyl-1,1-dipropylurea in 99% yield at 60 ºC within 2 h. Detailed studies support a 
two-step mechanism that involves a gold-catalyzed reaction of absorbed isocyanide 
with the amine N-oxide to form an isocyanate, which rapidly reacts with the amine to 
give the urea product.  
 
 
 
Scheme 4. Gold metal-catalyzed reactions of primary amines with CO and O2. 
 
In 2013 the group of Kaneda published the cyclocarbonylation of 2-aminophenols to 
2-benzoxazolinones catalyzed by gold nanoparticles (AuNPs) under non-flammable 
conditions.164 The catalytic system did not require any additives such as PPh3. The 
study also clearly showed that the cooperative contribution of small AuNPs with basic 
supports was important to achieve high efficiency in this process.  
Very recently, Bertrand and coworkers have reported the synthesis of trinuclear 
mixed-valence gold(I)/gold(0) clusters.165 Interestingly, they have investigated the 
catalytic carbonylation of aliphatic amines promoted by those well-defined clusters, 
which could mimic the behavior of heterogeneous catalysts. They were able to isolate 
in good yield dinuclear and trinuclear gold complexes containing a nitrogen fragment, 
as the products of the reaction between the starting gold complex and the primary 
amine in aerobic conditions (Scheme 5). Next, the starting trinuclear cluster can be 
regenerated by reaction with carbon monoxide along with the corresponding 
isocyanate. The authors claimed that the reported carbonylation of amines is a very 
rare example of a gold catalyzed process involving a definite change of oxidation 
state of the metal from Au(0)Au(I) to Au(I). 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
163.  Klobukowski, E. R.; Angelici, R. J.; Woo, L. K. Organometallics 2012, 31, 2785–2792. 
164.  Noujima, A.; Mitsudome, T.; Mizugaki, T.; Jitsukawa, K.; Kaneda, K. Green Chem. 2013, 15, 
608–611. 
165.  Jin, L.; Weinberger, D.S.; Melaimi, M.; Moore, C.E.; Rheingold, A.L.; Bertrand, G. Angew. 
Chem. Int. Ed. 2014, 53, 9059–9063. 
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Scheme 5. Proposed catalytic cycle for oxidative carbonylation of primary amines by carbene-
supported trinuclear gold clusters. 
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Objectives 
 
Considering an ongoing interest in the gold-catalyzed functionalization of amines we 
chose to investigate the possible reactivity of tetranuclear [Au4(DPPPY)2(NCMe)2]-
(SbF6)4 and pentanuclear heterometallic [Au4M(DPPPY)2(OOCR)2](SbF6)3 (M = 
Ag(I), Cu(I)) complexes (Figure 2) for the carbonylation of  amines. Such a reaction 
is the simplest and most environmentally friendly route for the preparation of urea 
derivatives. 
 
 
 
Figure 2. Polynuclear gold(I) complexes with DPPPY ligand. 
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Results and Discussion 
 
Owing to the present interest in the reactivity of very small gold clusters, we decided 
to investigate the potential catalytic application of complexes 3, 13 – 17, 18 (Figure 3) 
for the carbonylation of primary amines.  
Cyclohexylamine was selected for initial investigation of the reactivity of the selected 
complexes. 
 
 
 
Figure 3. Polynuclear gold(I) and gold(I) – silver(I)/copper(I) complexes – selected catalysts for the 
carbonylation of amines. 
 
In a typical procedure, the catalyst (2 mol%) was placed in a vial open to the air and 
dissolved in THF. Then, cyclohexylamine (0.1 mmol) was added and the mixture was 
maintained under 5 bar of carbon monoxide in a low-pressure reactor at 60 °C for 24 
h. When complex 13 was used as a catalyst, the desired urea was isolated in 82% 
yield after recrystallization (Table 1, entry 1). Complexes 3 and 18 gave the desired 
product in lower yield of respectively 12% and 50%. 
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Optimization of the Carbonylation of Primary Amines 
 
When air was replaced by pure oxygen (2 bar) the product was formed quantitatively 
(Table 1, entry 2). In addition, no reaction was observed under strict anaerobic 
conditions (entry 3). Finally, when CO2 was used instead of CO (aerobic conditions), 
only traces of urea were detected by 1H NMR (entry 4). Being intrigued by the first 
results we decided to test the influence of solvent, temperature and reaction time on 
the yield of urea. When the carbonylation was performed at 30 ºC instead of 60 ºC 
only 45% of N,N'-dicyclohexylurea was observed; a change of solvent (toluene 
instead of THF) gave only 20% of the desired product (entries 5, 6). Shorter reaction 
times (12 h instead of 24 h) were also tested for the carbonylation of n-hexylamine 
(12 h instead of 24 h), decreasing the yield to 75% (Table 2).  
 
 
 
 
Entry Variation from the 
standard conditions 
Yield (%) 
1 air 82a 
2 2 bar O2 99 
3 anaerobic 0 
4 2 bar CO2 trace 
5 30 ºC 45 
6 toluene 20 
Table 1. Optimization of the reaction conditions: carbonylation of cyclohexylamine. Yields determined 
by 1H NMR using triphenylmethane as internal standard; [a] isolated yield after recrystallization. 
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Time, h Yield (%) 
12 75 
24 97 
Table 2. Influence of the reaction time on the carbonylation of n-hexylamine. Yields determined  
by 1H NMR using triphenylmethane as internal standard. 
 
Using the optimized conditions (60 ºC, THF, 24 h, 5 bar CO, air), we performed a 
screening between pentanuclear heterometallic catalysts as complex 13. The 
formation of N,N'-dicyclohexylurea was selected for this comparison as well (Table 
3).  
 
 
 
 
Entry Catalyst, 2 mol% Yield, % 
1 13 82[a] 
2 14 30 
3 15 35 
4 16 13 
5 17 22 
Table 3. Influence of the catalyst choice on the yield of urea Yields determined by 1H NMR using 
triphenylmethane as internal standard; [a] isolated yield after recrystallization. 
 
Among all selected catalysts complex 13 showed far better reactivity than the other 
complexes. The nature of the metal bonded to gold centers, as well as the choice of 
the oxygen-containing ancillary ligands, exerts a strong effect on the catalytic activity. 
As for instance change of the metal center (Ag to Cu, 13 and 14) while keeping the 
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carboxylate ligand unchanged, decreased the reaction yield more than 2.5 times, a 
similar decrease in yield was obtained by moving from acetate to the slightly bulkier 
propionate (13 to 15).  
Following our search for the best catalyst, we tested the reactivity of 
[JohnPhosAuNCMe](SbF6). This complex shows high catalytic activity in a variety of 
gold(I)-catalyzed processes.166 However, under the standard reaction conditions no 
reaction was observed. We also used complex 3 as catalyst for the same reaction, and 
only 12% yield of the N,N'-dicyclohexylurea was obtained. On the other hand, silver 
acetate is known to perform the stoichiometric carbonylation of primary amines.143 
Thus, we wanted to ensure whether AgOAc could act as catalyst under our reaction 
conditions (Table 4). 
 
 
 
 
Entry Catalyst Yield, % 
1 AgOAc, 2 mol% <5 
2 AgOAc, 10 mol% 7 
3 AgOAc, 20 mol% 20 
4 CuOAc, 2 mol% 0 
Table 4. Acetate salts of silver and copper(I) as catalysts. Yields determined  
by 1H NMR using triphenylmethane as internal standard. 
 
As expected, even with 20 mol% catalyst loading, only 20% of product was obtained. 
In the case of copper(I) acetate no conversion was observed under the established 
conditions (Table 4, entry 4). 
We were curious if the formation of catalyst 13 in situ will also afford good yields of 
the desired urea. Premixing 4 mol% of AgOAc with 2 mol% of complex 3, according 
to the standard procedure for the carbonylation, gave 85% yield of urea. However, the 
reaction outcome was highly dependent on the premixing time and we decided that 
the well-defined complex 13 was the better option. In addition, AuthtCl, AgSbF6, or 
NaOAc were tested as catalyst in 2 mol%, and no reaction was observed in any case. 
Finally, catalyst poisoning was observed when 3 mol% of 2,6-bis(diphenyl-
phosphine)pyridine was added to the reaction mixture. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
166.  Ranieri, B; Escofet, I.; Echavarren, A. M. Org. Biomol. Chem. 2015, 13, 7103–7118. 
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Reaction Scope 
 
Using the optimized conditions, we performed a study of the scope of the 
carbonylation reaction. We increased the reaction scale to 0.5 mmol amine loading 
(0.3 mmol in some cases, see Experimental Part) to be able to perform facile isolation 
of the urea products by recrystallization (Scheme 6). 
 
 
 
Scheme 6. Reaction scope. Isolated yields (average of 2 runs); [a] Anhydrous conditions, additional 2 
bars of O2 were used. 
 
As shown in Scheme 6, excellent to good yields were obtained in most cases. We 
were able to isolate ureas formed from the sterically hindered isopropylamine and 
tert-butylamine although in very modest yields, 25% and 16% respectively (lower 
reaction temperatures were used due to the low boiling point of these amines). In the 
case of hexylamine heating was not required as already at room temperature the 
formation of urea was observed in excellent yield (93%). Due to the high affinity 
towards hydrolysis, the carbonylation of homopiperonylamine and piperonylamine 
were performed with 5 bar of CO and 2 bar O2 under anhydrous conditions. The 
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reaction was found to be ineffective for less nucleophilic amines such as aniline (even 
3,4,5-trimethoxyaniline did not give a trace of urea). It is worth mentioning that no 
influence of the electronic nature of the substituents in the benzyl ring was observed 
(moderate yields for both para-methoxybenzylamine (55%) and para-
trifluoromethylbenzylamine (61%) were obtained). However, the position of the 
substituent matters for the yield of urea: ortho-substituted benzylamines gave 
excellent yields (98% and 97% for o-trifluoromethylaniline and o-fluoroaniline 
respectively). Presumably, lower yields in case of para-substituted benzylamines can 
be explained by their higher affinity towards hydrolysis. 
 
Insight into the Reaction Mechanism 
 
In an attempt to understand the difference in reactivity between complexes 3, 13 and 
18 we decided to isolate the species formed after mixing the corresponding complex 
with 2 equivalents of amine. It is worth mentioning that all complexes have very little 
solubility in THF. However, they quickly react with hexylamine, giving a colorless 
solution (the formation of new species was detected by 31P{1H} NMR: clear 
formation of a complex with a chemical shift of 29.34 ppm, singlet multiplicity was 
observed for complex 13. In case of complexes 3 and 18, multiple signals were 
observed: one of them corresponding to complex 4 and broad singlets around 33 ppm 
(in case of 18) and 31 ppm (in case of 3). The chemical shifts of signals of the 
coordinated amine were also displaced slightly in comparison to the free amine, 
depending on the choice of the complex. These results showed that the active species 
formed in each case have different structures. Unfortunately, all our attempts to 
isolate these complexes by crystallization were unsuccessful. As was mentioned in the 
introduction to this chapter, Bertrand proposed that the first step in the transformation 
described by his group is the reduction of two gold(I) centers in the initial Au3(I) 
cluster by treatment with carbon monoxide. This is in contrast to our case, no reaction 
of complexes 3, 13 and 18 with carbon monoxide (5 bar pressure of CO) was 
observed even after long reaction times (24 hours). The necessity of oxygen for the 
reaction to proceed could be explained due to its role as a hydrogen atom scavenger, 
the same proposal was done by Bertrand and coworkers.  
As was mentioned in the introduction to this chapter, not only gold(I) complexes are 
able to catalyze the transformations described above, they can also be catalyzed by 
bulk gold powder and gold nanoparticles. To be sure that the obtained results are 
coming from the catalysis performed by polynuclear Au(I)–M(I) (M = Au, Ag, Cu) 
complexes we performed several different control experiments. 
First, to exclude the possibility of in situ formation of gold powder we tested the 
oxidative amination of isocyanides. As was reported by the group of Angelici, the 
product formed in the reaction depends on the catalyst nature: metal ions catalysis is 
known to give formamidines (Scheme 7, top) whereas bulk gold powder gives 
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carbodiimide (Scheme 7, bottom).161 
 
 
 
Scheme 7. Formation of formamidines by metal ion catalysis. 
 
It was proposed that the catalysis by metal ions proceeds via a mechanism that 
involves initial coordination (η1) of the isocyanide to the metal ion followed by attack 
of the amine on the isocyanide carbon atom and elimination of the formamidine 
product.167 For Au(I) and Au(III) complexes, the formamidine is liberated from the 
diaminocarbene complex only upon displacement by other ligands such as PPh3 or 
CN–.168 The group of Angelici discovered that when the same reaction is catalyzed by 
bulk gold powder the obtained product is carbodiimide. No formation of formamidine 
was detected by GS-MS in the latter case. They explained the formation of this 
surprising product by proposing the following mechanism: the isocyanide adsorbs to a 
gold atom on the surface, which creates a more positive isocyanide carbon atom, 
making it susceptible to attack by nucleophiles. Attack of the amine on this carbon 
leads to an intermediate, which can transfer both hydrogen atoms to the gold surface 
while releasing the carbodiimide product.  
We performed the oxidative amination of isocyanides under Angelici’s conditions 
using complex 13 as a catalyst, and we observed the exclusive formation of 
formamidine. This result suggests that no formation of bulk gold powder took place 
during the reaction (Scheme 8). As the reaction conditions for both transformations 
(the carbonylation and the amination) are similar (temperature, pressure, reaction 
time) we assume that there is no formation of bulk gold powder in the discovered 
carbonylation of primary amines. 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
167.  Bonati, F.; Minghetti, T. J. Organomet. Chem. 1973, 59, 403–410. 
168.  (a) Parks, J. E. J. Organomet. Chem. 1974, 71, 453–463. (b) Minghetti, G.; Bonati, F.; 
Banditelli, G. Inorg. Chem. 1976, 15, 1718–1720. 
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Scheme 8. Oxidative amination of isocyanides catalyzed by complex 13. 
 
We have monitored the urea formation with time for the carbonylation of hexylamine 
catalyzed by complex 13 by 1H NMR (Figure 4). The absence of an induction period 
suggest again that no formation of bulk gold powder took place. 
 
 
 
Figure 4. Monitoring of the carbonylation of hexylamine by 1H NMR (reaction conditions: 10 mol% 
13, 5 bar CO, air, THF-d8, 18 ºC). Triphenylmethane (1 equiv. corresponding to the amine) was  
used as internal standard. 
 
To get more insight into the possible participation of gold nanoparticles in the 
carbonylation reaction, we decided to synthesize it using a standard procedure 
reported by Hutchison.169 Next, the reaction was carried out using the resulting 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
169.  Procedure for AuNP synthesis (Weare, W. W.; Reed, S. M.; Warner, M. G.; Hutchison, J. E. J. 
Am. Chem. Soc. 2000, 122, 12890–12891): 
A solution of the corresponding gold complex was dissolved in degassed ethanol (10 mL) and 
cooled to 0 °C in an ice bath. A solution of NaBH4 (10 equiv.) in degassed water (10 mL) was 
prepared immediately prior to use and then added in one portion via syringe to the rapidly 
stirred ethanol solution, resulting in the immediate formation of a deep purple-brown, 
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AuNPs as catalyst. Importantly, the yield of urea was dependent on the type of 
starting gold complex used for the synthesis of Au nanoparticles (Scheme 9). 
 
 
 
Entry AuNPs (mol%) Starting Gold Complex Yield (%) 
1 2 [L(AuCl)2]  3 
2 20 [L(AuCl)2] 21* 
+ byproducts 
3 10 3 <1 
4 2 13 7 
5 20 13 37 
+ byproducts 
L = 2,6-bis(diphenylphosphino)pyridine; NMR yields, triphenylmethane as internal standard 
*Average of two runs (different batches of AuNPs). 
 
Scheme 9. Carbonylation of amines catalyzed by AuNPs. 
 
Good results were obtained only when high loadings of AuNPs were used: entry 1 vs 
entry 2 and entry 4 vs entry 5 (Scheme 9). A change in the starting complex used for 
the synthesis of AuNPs also had an influence on the yield of the urea (entry 1, 3, 4), 
though all obtained yields were low. Presumably, the synthesized AuNPs lacking the 
supporting ligand are not stable under the reaction conditions, which is why high 
catalyst loadings are required for the transformation to obtain a good yield of the 
urea.170  
The classical test for the presence of nanoparticles in the reaction media is the 
mercury test.171 It is a well-established tool, commonly used for bulk heterogeneous 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
precipitate. After stirring for an additional 1 hour, the resulting solid was collected by 
centrifugation and washed with 3 x 20 mL ethanol, taking care to redisperse the material 
between each wash, before drying for 3 hours under high vacuum. 	  
170.  Cano, I.; Chapman, A. M.; Urakawa, A.; van Leeuwen, P. W. N. M. J. Am. Chem. Soc. 2014, 
136, 2520–2528. 
171.  Paal, C; Hartmann, W. Chem. Ber. 1918, 51, 711–737. 
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and some NP catalytic systems typically based on platinum group metals, which form 
amalgams with Hg. To successfully use this test, one should add an excess of mercury 
after the initiation of the catalysis to ensure that it is reacting with the activated 
catalyst, not the catalyst precursor, by forming an amalgam with the exposed surface 
and inhibiting catalysis. It is important, however, to draw attention to the potential 
false-positive and false-negative results that can be acquired with this method. Thus, 
it is therefore difficult in some cases to distinguish homogeneous from heterogeneous 
catalysis using the mercury test, as poisoning of homogeneous catalysts can occur 
with mercury.172 We observed the 'false-positive' result, having 0% of the urea after 
24 h when the carbonylation reaction was performed under standard conditions (2 
mol% of complex 13 as a catalyst) with an excess of mercury. Eventually the catalyst 
deactivation became obvious, as when the excess of mercury was added to the 
solution of complex 13 in CH2Cl2-d2 (a yellow colored solution) an immediate color 
disappearance was observed (Figure 5). The decomposition of complex 13 was 
confirmed by 1H and 31P{1H} NMR. The same results were obtained for all 
complexes 13 – 17.  
 
 
 
Figure 5. Mercury test: NMR tube to the left - before the addition of mercury; NMR tube to the right - 
after mixing with mercury. 
 
Several more experiments were performed to understand the nature of the real catalyst 
using the carbonylation of hexylamine as a model system. Few points should be 
highlighted: 1) the reaction mixture, being filtrated after 45 min through HPLC filter 
(PTFE 0.2 µm, 25 mm diameter) and Celite, gave 86% of the desired urea; 2) when a 
fresh amine was added to the completed carbonylation the reaction restarted, again 
forming the urea; 3) we also isolated a small amount of insoluble black solid after the 
filtration of the reaction mixture; this solid was not soluble in the presence of amine 
and did not show any catalytic activity in the carbonylation of hexylamine (Scheme 
10).  
  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
172.  Dyson, P. Dalton Trans. 2003, 2964–2974. 
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Scheme 10. Additional mechanistic experiments. 
 
Summarizing all the obtained results, we can conclude that the described 
carbonylation is a homogeneous process. The catalyst can be reused, though with a 
loss of activity. Partial decomposition of the catalyst was observed under the reaction 
conditions, the resulting decomposition product (black solid) does not catalyze the 
carbonylation.  
As the secondary amines (for example (n-Pr)2NH) were found to be unreactive under 
the optimized reaction conditions and for the less reactive primary amines isocyanate 
formation was observed in GC–MS spectra (e.g. adamantylamine) we proposed that 
the described carbonylation occurs through isocyanate formation. Also consistent 
with the intermediacy of an isocyanate is the comparison of product ratio in the 
reaction between equimolar n-BuNH2 and (n-Pr)2NH catalyzed by complex 13. n-
BuNH(C=O)N(n-Pr)2 was observed as the main product instead of (n-BuNH)2C=O 
urea, the preferential formation of n-BuNH(C=O)N(n-Pr)2 was observed  in the 
reaction of n-butylisocyanate with an equimolar amount of n-BuNH2 and (n-Pr)2NH 
(results based on GC–MS spectra data).160 
  
nHexNH2
10 mol% 13, 5 bar CO, air
25 ºC, THF, time NH
Hex
O
N
H
nHexn
0.1 mmol
1. Reaction: filtrated after 45 minutes,  yield of urea  after 14 hours 86%
2. Restarted reaction : 73 %
3. Black solid as a catalyst - no reaction observed
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Conclusions 
 
The oxidative carbonylation of primary amines under mild conditions (65 ºC or lower, 
5 bar CO, under air) with a broad scope (17 examples) has been developed. This 
transformation presumably occurs though the formation of isocyanate as an 
intermediate. An intensive study (kinetics, mercury test, test on bulk gold presence, 
filtration of the reaction mixture and restarting of the reaction, reuse of the catalyst, 
attempts to isolate complex intermediates) was performed to understand the nature of 
the active catalytic species which revealed that the carbonylation is most likely 
performed by the cationic gold–metal complexes. Among all new synthesized 
complexes 3, 13–17 and 18, complex 13 showed the best catalytic activity. This might 
be explained by the 'perfect match' in catalyst structure: a cooperative effect between 
gold(I) and silver(I) and the presence of an acetate – anion makes this complex an 
ideal catalyst for the described carbonylation. This is one of the rare examples of 
using Au(I)–Ag(I) cooperative effect in catalysis.173 	  
  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
173.  Pei, X.-L.; Yang, Y.; Lei, Z.; Chang S.-S.; Guan, Z.-J-; Wan, X.-K.; Wen, T.-B.; Wang, Q.-M. 
J. Am. Chem. Soc. 2015, 137, 5520–5525. 
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Experimental Part  
 
General Information 
 
The general information is provided in the experimental part of the first chapter. 
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General procedure for carbonylation 
 
Complex 13 (26.2 mg, 0.01 mmol) was placed in a 10-mL test tube that contained a 
stirring bar. Under air, THF (4 mL) was added, and the mixture was stirred for 1 min. 
Next, the amine (0.50 or 0.30 mmol) was added via syringe, and the mixture was 
stirred for 1 min. The test tube was transferred to a high-pressure reactor, which was 
charged with 5 bar CO gas. The mixture was stirred for 24 h at 60 ºC. Next, the 
reaction mixture was passed through a plug of silica gel (50% diethyl ether/hexanes; 
monitored by TLC), the solvent was removed, and the residue was purified by 
crystallization from the appropriate solvent to give the corresponding urea. 
 
1,3-Dihexylurea 
 
 
 
The title compound was synthesized according to the General Procedure from 
hexylamine (50.6 mg, 0.5 mmol). The crude reaction mixture was purified by 
crystallization from CH2Cl2 to give the corresponding urea. Colorless crystals, mp 82 
ºC. First run: 52 mg (91% yield). Second run: 54 mg (95% yield). IR (Nujol) 3329, 
1614, 1580 cm-1; 1H NMR (500 MHz, CD2Cl2) δ 5.28 (br. s, 2H), 3.13 – 3.04 (m, 
4H), 1.50 – 1.39 (m, 4H), 1.37 – 1.21 (m, 12H), 0.92 – 0.83 (m, 6H); 13C NMR (126 
MHz, CD2Cl2) δ 159.52, 40.92, 32.24, 31.03, 27.26, 23.22, 14.38. 
 
1,3-Dicyclohexylurea 
 
 
 
The title compound was synthesized according to the General Procedure from 
cyclohexylamine (49.6 mg, 0.5 mmol). The crude reaction mixture was purified by 
crystallization from methanol to give the corresponding urea. Colorless crystals, mp 
234 ºC. First run: 55 mg (98% yield). Second run: 54 mg (96% yield). IR (Nujol) 
3325, 1626, 1576, 1537 cm-1; 1H NMR (500 MHz, DMSO-d6, 50 ºC) δ 5.51 (d, J = 
7.9 Hz, 2H), 3.38 – 3.30 (m, 2H), 1.78 – 1.68 (m, 4H), 1.67 – 1.58 (m, 4H), 1.55 – 
1.47 (m, 2H), 1.31 – 1.20 (m, 4H), 1.19 – 1.11 (m, 2H), 1.11 – 1.01 (m, 4H); 13C 
H
N
O
H
N
H
N
O
H
N
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NMR (126 MHz, DMSO-d6, 50 ºC) δ 157.13, 48.02, 33.78, 25.81, 24.87. 
 
1,3-Bis(1-adamantylmethyl)-urea 
 
 
 
The title compound was synthesized according to the General Procedure from 1-
adamantanemethylamine (82.6 mg, 0.5 mmol). The crude reaction mixture was 
purified by crystallization from CH2Cl2 to give the corresponding urea. Colorless 
crystals, mp 245 ºC. First run: 77 mg (87% yield). Second run: 79 mg (89% yield). 
IR (Nujol) 3342, 1658, 1621, 1583 cm-1; 1H NMR (500 MHz, CDCl3) δ 4.36 (br. s, 
2H), 2.85 (d, J = 6.3 Hz, 4H), 1.97 (br s, 6H), 1.75 – 1.56 (m, 12H), 1.48 (d, J = 2.6 
Hz, 12H); 13C NMR (126 MHz, CDCl3) δ 158.97, 52.63, 40.42, 37.16, 33.96, 28.42. 
 
1,3-Dibenzylurea 
 
 
 
The title compound was synthesized according to the General Procedure from 
benzylamine (53.6 mg, 0.5 mmol). The crude reaction mixture was purified by 
crystallization from methanol to give the corresponding urea. Colorless crystals, mp 
170 ºC. First run: 58 mg (97% yield). Second run: 58 mg (97% yield). IR (Nujol) 
3318, 1627, 1573 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.33 – 7.21 (m, 10H), 4.80 (br. 
s, 2H), 4.34 (d, J = 5.8 Hz, 4H); 13C NMR (126 MHz, CDCl3) δ 158.12, 139.15, 
128.78, 127.56, 127.48, 44.73. 
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1,3-Bis(2-phenoxyethyl)urea 
 
 
 
The title compound was synthesized according to the General Procedure from 2-
phenoxyethanamine (41.2 mg, 0.3 mmol). The crude reaction mixture was purified by 
crystallization from methanol to give the corresponding urea. Colorless crystals, mp 
160 ºC. First run: 32 mg (68% yield). Second run: 30 mg (64% yield). IR (Nujol) 
3351, 1620, 1601, 1588, 1558 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.32 – 7.20 (m, 
4H), 6.95 (tt, J = 7.4, 1.0 Hz, 2H), 6.91 – 6.83 (m, 4H), 4.90 (br. s, 2H), 4.11 – 3.95 
(m, 4H), 3.62 (dd, J = 10.4, 5.5 Hz, 4H); 13C NMR (126 MHz, CDCl3) δ 158.46, 
157.95, 129.55, 121.10, 114.40, 67.48, 40.12. 
 
N,N'-Bis(2-furanylmethyl)urea 
 
 
 
The title compound was synthesized according to the General Procedure from 
furfurylamine (29.1 mg, 0.3 mmol). The crude reaction mixture was purified by 
crystallization from CH2Cl2/pentane to give the corresponding urea. Colorless 
crystals, mp 126 ºC. First run: 29.7 mg (90% yield). Second run: 31.9 mg (96% 
yield). IR (Nujol) 3329, 1614, 1568 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.33 (m, 
1H), 6.31 – 6.29 (m, 1H), 6.20 (d, J = 3.0 Hz, 1H), 4.74 (br. s, 1H), 4.37 (d, J = 5.7 
Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 171.95, 142.04, 110.41, 107.03, 37.59. 
 
Trans-octahydro-(3aR*,7aR*)-2H-Benzimidazol-2-one 
 
 
 
The title compound was synthesized according to the General Procedure from (±)-
O
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trans-1,2-Diaminocyclohexane (34.3 mg, 0.3 mmol). The crude reaction mixture was 
purified by crystallization from CH2Cl2/Et2O to give the corresponding urea. 
Colorless crystals, mp 238 ºC. First run: 20 mg (95% yield). Second run: 19 mg (89% 
yield). IR (Nuj.) 3265, 1719, 1675 cm-1; 1H NMR (500 MHz, CDCl3) δ 5.07 (br. s, 
2H), 3.22 – 3.04 (m, 2H), 2.00 – 1.92 (m, 2H), 1.85 – 1.75 (m, 2H), 1.49 – 1.30 (m, 
4H); 13C NMR (126 MHz, CDCl3) δ 165.73, 61.19, 29.63, 24.11. 
 
Cis-octahydro-(3aR*,7aS*)-2H-Benzimidazol-2-one 
 
 
 
The title compound was synthesized according to the General Procedure from (±)-cis-
1,2-Diaminocyclohexane (34.3 mg, 0.3 mmol). The crude reaction mixture was 
purified by crystallization from CH2Cl2/pentane to give the corresponding urea. 
Colorless crystals, mp 140 ºC. First run: 20 mg (95% yield). Second run: 19 mg (89% 
yield). IR (Nujol) 3202, 1693 cm-1; 1H NMR (500 MHz, CDCl3) δ 4.40 (br. s, 2H), 
3.68 (m, 2H), 1.70 – 1.66 (m, 4H), 1.61 – 1.53 (m, 2H), 1.36 – 1.27 (m, 2H); 13C 
NMR (126 MHz, CDCl3) δ 168.35, 52.18, 28.68, 20.66. 
 
1,3-Bis[3,4-(methylenedioxy)phenethyl]urea 
 
 
 
The title compound was synthesized according to the General Procedure from 
homopiperonylamine (49.6 mg, 0.3 mmol). The crude reaction mixture was purified 
by crystallization from MeOH to give the corresponding urea. Colorless crystals, mp 
211 ºC. First run: 36 mg (68% yield). Second run: 38 mg (72% yield). IR (Nujol) 
3327, 1610, 1572 cm-1; 1H NMR (400 MHz, DMSO-d6) δ 6.81 (s, 1H), 6.79 (s, 1H), 
6.76 (d, J = 1.6 Hz, 2H), 6.63 (dd, J = 7.8, 1.6 Hz, 2H), 5.95 (s, 4H), 5.82 (t, J = 5.7 
Hz, 2H), 3.18 – 3.13 (m, 4H), 2.57 (t, J = 7.1 Hz, 4H); 13C NMR (100 MHz, DMSO-
N
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d6) δ 157.85, 147.15, 145.41, 133.58, 121.50, 109.04, 108.06, 100.61, 41.06, 35.83. 
 
1,3-Bis[3,4-(methylenedioxy)benzyl]urea 
 
 
 
The title compound was synthesized according to the General Procedure from 
piperonylamine (45.3 mg, 0.3 mmol). The crude reaction mixture was purified by 
crystallization from MeOH to give the corresponding urea. Colorless crystals, mp 221 
ºC. First run: 36.9 mg (75% yield). Second run: 38.4 mg (78% yield). IR (Nujol) 
3303, 1620, 1574 cm-1; 1H NMR (400 MHz, DMSO-d6) δ 6.85 (s, 1H), 6.83 (s, 1H), 
6.80 (d, J = 1.6 Hz, 2H), 6.72 (dd, J = 8.0, 1.6 Hz, 2H), 6.34 (br. s, 2H), 5.97 (s, 4H), 
4.13 (s, 2H), 4.11 (s, 2H); 13C NMR (100 MHz, DMSO-d6) δ 158.40, 147.63, 146.31, 
135.31, 120.53, 108.39, 108.06, 108.14, 100.93, 43.22. 
 
1,3-Bis(3-phenylpropyl)urea 
 
 
 
The title compound was synthesized according to the General Procedure from 3-
phenyl-1-propylamine (40.6 mg, 0.3 mmol). The crude reaction mixture was purified 
by crystallization from CH2Cl2/Et2O to give the corresponding urea. Colorless 
crystals, mp 101 ºC. First run: 42 mg (95% yield). Second run: 44 mg (98% yield). 
IR (Nujol) 3340, 1617, 1562 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.31 – 7.25 (m, 
4H), 7.22 – 7.13 (m, 6H), 4.73 (br. s, 2H), 3.17 (dd, J = 12.4, 6.8 Hz, 4H), 2.68 – 2.59 
(m, 4H), 1.85 – 1.77 (m, 4H); 13C NMR (126 MHz, CDCl3) δ 158.59, 141.70, 128.53, 
128.46, 126.04, 40.16, 33.31, 31.97. 
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N,N'-Bis[[4-(trifluoromethyl)phenyl]methyl]urea 
 
 
 
The title compound was synthesized according to the General Procedure from 4-
(trifluoromethyl)benzylamine (52.5 mg, 0.3 mmol). The crude reaction mixture was 
purified by crystallization from methanol/Et2O to give the corresponding urea. 
Colorless crystals, mp 195 ºC. First run: 35 mg (62% yield). Second run: 34 mg (60% 
yield). IR (Nujol) 3339, 1631, 1591 cm-1; 1H NMR (500 MHz, CDCl3:DMSO-d6, 
70:30) δ 7.49 (d, J = 8.2 Hz, 4H), 7.35 (d, J = 8.0 Hz, 4H), 6.32 (t, J = 6.0 Hz, 2H), 
4.31 (d, J = 6.0 Hz, 4H); 13C NMR (126 MHz, CDCl3:DMSO-d6, 70:30) δ 158.07, 
144.45, 128.01 (q, J = 32.7 Hz), 126.95, 124.61 (q, J = 3.7 Hz), 123.74 (q, J = 274.6 
Hz), 42.73. 
 
N,N'-Bis[(4-methoxyphenyl)methyl]urea 
 
 
 
The title compound was synthesized according to the General Procedure from 4-
methoxybenzylamine (41.2 mg, 0.3 mmol). The crude reaction mixture was purified 
by crystallization from methanol/Et2O to give the corresponding urea. Colorless 
crystals, mp 180 ºC. First run: 24 mg (53% yield). Second run: 26 mg (57% yield). 
IR (Nujol) 3347, 3314, 1615, 1536, 1513 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.16 
(d, J = 8.4 Hz, 4H), 6.82 (d, J = 8.2 Hz, 4H), 4.50 (br. s, 2H), 4.26 (d, J = 5.6 Hz, 4H), 
3.75 (s, 6H); 13C NMR (126 MHz, CDCl3) δ 159.06, 157.93, 131.15, 128.96, 114.17, 
55.44, 44.32. 
  
F3C
H
N
O
H
N
CF3
MeO
H
N
O
H
N
OMe
UNIVERSITAT ROVIRA I VIRGILI 
POLYNUCLEAR GOLD(I) CATALYSTS: WHEN ONE GOLD(I) IS NOT ENOUGH 
Ekaterina Smirnova 
 
Chapter III: Oxidative Carbonylation of Primary Amines by  
Au(I)−M(I) (M = Au, Ag, Cu) Complexes 	  
247 
N,N′-Bis-[[2-(trifluoromethyl)phenyl]methyl]urea 
 
 
 
The title compound was synthesized according to the General Procedure from 2-
(trifluoromethyl)benzylamine (87.6 mg, 0.5 mmol). The crude reaction mixture was 
purified by crystallization from methanol/Et2O to give the corresponding urea. 
Colorless crystals, mp 216 ºC. First run: 92 mg (98% yield). Second run: 92 mg (98% 
yield). IR (Nujol) 3328, 1627, 1610, 1593 cm-1; 1H NMR (500 MHz, DMSO-d6,) δ 
7.73 – 7.64 (m, 4H), 7.55 (d, J = 7.8 Hz, 2H), 7.46 (t, J = 7.6 Hz, 2H), 6.71 (t, J = 6.1 
Hz, 2H), 4.43 (d, J = 6.0 Hz, 4H); 13C NMR (126 MHz, DMSO-d6) δ 157.84, 139.24 
(q, J = 1.4 Hz), 132.63, 128.57, 127.16, 125.97 (q, J = 30.1 Hz), 125.62 (q, J = 5.8 
Hz), 124.52 (q, J = 273.9 Hz), 39.91. 
 
N,N′-Bis-[[2-(fluoro)phenyl]methyl]urea 
 
 
The title compound was synthesized according to the General Procedure from 2-
fluorobenzylamine (62.6 mg, 0.5 mmol). The crude reaction mixture was purified by 
crystallization from methanol/Et2O to give the corresponding urea. Colorless crystals, 
mp 194 ºC. First run: 66 mg (96% yield). Second run: 67 mg (98% yield). IR (Nujol) 
3326, 1617, 1593 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 7.34 – 7.24 (m, 4H), 7.19 – 
7.11 (m, 4H), 6.50 (t, J = 6.0 Hz, 2H), 4.26 (d, J = 6.0 Hz, 4H); 13C NMR (126 MHz, 
DMSO-d6) δ 160.01 (d, J = 243.7 Hz), 157.84 (s), 129.24 (d, J = 4.7 Hz), 128.63 (d, J 
= 8.0 Hz), 127.41 (d, J = 15.0 Hz), 124.26 (d, J = 3.4 Hz), 114.98 (d, J = 21.2 Hz), 
36.83 (d, J = 4.4 Hz). 
 
N,N'-Bis(1-methylethyl)urea 
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The title compound was synthesized according to the General Procedure from 
isopropylamine (17.7 mg, 0.3 mmol). The crude reaction mixture was purified by 
crystallization from CH2Cl2/pentane to give the corresponding urea. Colorless 
crystals, mp 192 ºC. First run: 5.2 mg (24% yield). Second run: 5.6 mg (26% yield). 
IR (Nujol) 3337, 1612, 1561 cm-1; 1H NMR (400 MHz, CDCl3) δ 4.08 (br. s, 1H), 
3.83 (sept., J = 6.5 Hz , 2H), 1.14 (s, 3H), 1.13 (s, 3H); 13C NMR (100 MHz, CDCl3) 
δ 157.05, 42.32, 23.65. 
 
1,3-Di-tert-butylurea 
 
 
 
The title compound was synthesized according to the General Procedure from tert-
butylamine (21.9 mg, 0.3 mmol). The crude reaction mixture was purified by 
crystallization from CH2Cl2/pentane to give the corresponding urea. Colorless 
crystals, mp 245 ºC. First run: 3.6 mg (14% yield). Second run: 4.6 mg (18% yield). 
IR (Nujol) 3354, 1635, 1552 cm-1; 1H NMR (400 MHz, CDCl3) δ 3.99 (br. s, 1H), 
1.33 (s, 18H); 13C NMR (100 MHz, CDCl3) δ 157.15, 50.42, 29.61.  
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